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FOREWORD 


t 


In  April  1972,  the  San  Francisco  District  of  the  United  States  Army  J 
Corps  of  Engineers  initiated  a study  to  quantify  the  impact  of  dredging 

and  dredged  sediment  disposal  operations  on  the  environment  of  San  j 
Francisco  Bay  and  Estuary.  The  study  has  generated  factual  data,  based  j 
on  field  and  laboratory  studies,  needed  for  the  Federal,  State  and  local  [ 
regulatory  agencies  to  evaluate  present  dredging  policies  and  alternative  j 
disposal  methods.  j 


The  study  was  set  up  to  isolate  the  questions  regarding  the  environmen- 
tal impact  of  dredging  operations  and  to  provide  answers  at  the  earliest 
date.  The  study  was  organized  to  investigate  (a)  the  factors  associated 
with  dredging  and  the  present  system  of  aquatic  disposal  in  the  Bay, 

(b)  the  condition  of  the  pollutants  (biogeochemical),  (c)  alternative 
disposal  methods,  and  (d)  dredging  technology.  The  study  elements  were 
intended  first,  to  identify  the  problems  associated  with  dredging  and 
disposal  operations  and,  second,  to  address  the  identified  problems  in 
terms  of  mitigation  and/or  enhancement.  The  division  into  separate  but 
inter-related  study  elements  provided  a greater  degree  of  expertise  and 
flexibility  in  the  Study. 

This  report  Appendix  E,  Material  Release,  presents  the  findings  of  studies 
on  the  long  term  movement  of  sediments.  The  overall  study  is  the  basis 
for  the  composite  Environmental  Impact  Statement  for  Dredging  Activities 
in  the  San  Francisco  Bay  System. 
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CONVERSION  FACTORS 
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If  conversion  between  Metric  and  British  systems  is  necessary,  the 
following  factors  apply: 

LENGTH 


I kilometer  (km)=IO^  meters=0.62I  statute  miles=0.540  nautical  miles 
1 meter  (m)=10^  centimeters=39. 4 inches=3.28  feet=1.09  yards=0.547  fathoms 
1 centimeter  (cm)=10  millimeters  (mm)=0.394  inches=10^  microns  (y  ) 

1 micron  (y  )=10“^  millimeters=0. 000394  inches 


AREA 

O 

1 square  centimeter  (cm  )=0.155  square  inches 
1 square  meter  (m^)=10.7  square  feet 

1 square  kilometer  (km^)=0.386  square  statute  miles=0.292  square  nautical  miles 


VOLUME 


cubic  centlmeters=0. 24  cubic 


1 cubic  kilometer  (km^)=10^  cubic  meters=10  ^ 
statute  miles 

1 cubic  meter  (m^)=10  cubic  centimeters=10^  liters=35.3  cubic  feet=264 
U.S.  gallons=l. 308  cubic  yards 

cubic  centimeters=l. 06  quarts=0.264  U.S.  gallons 


1 liter=103 


1 cubic  centimeter  (cm'^)=0.061  cubic  inches 


MASS 

1 metric  ton=10^  grams=2,205  pounds 
1 kilogram  (kg)=103  grams=2.205  pounds 
1 gram  (g)=0.035  ounce 

SPEED 

1 knot  (nautical  mile  per  hour)=1.15  statute  miles  per  hour=0.51  meter 
per  second 

1 meter  per  second  (m/sec)=2.24  statute  miles  per  hour=1.94  knots 
1 centimeter  per  second  (cm/sec)=l . 97  feet  per  second 

TEMPERATURE 

°C  = °F-32  °F  = 1.8(°C)  + 32 

Conversion  Formulas  1.8 
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DREDGE  DISPOSAL  S’lUDY,  SAN  FRANCISCO  15AY  AND  ESTUARY 

APPENDIX  E 
MATERIAL  RELEASE 

INTRODUCTION 

OBJECTIVE 

In  April  1972  the  San  Francisco  District  of  the  U.S.  Army  Corps  of 
Engineers  initiated  a comprehensive  study  on  the  environmental  impacts 
resulting  from  dredging  and  disposal  operations  in  San  Francisco  Bay. 

The  study  requirements  included  information  on  the  sediment  loading  in 
the  water  column  due  to  dredging  with  open  water  disposal  and  the  assim- 
ilation of  these  sediments  into  San  Francisco  Bay.  This  report  dis- 
cusses studies  on  tlie  long-term  sediment  circulation  in  northern  San 
Francisco  Bay. 

Tlie  continuous  maintenance  of  navigable  waterways  in  a dynamic 
sediment  system  such  as  San  Francisco  B.  v raises  many  questions  re- 
garding the  economics  of  the  dredging  Lperation  and  the  sphere  of  in- 
fluence of  the  operation  on  the  marine  environment.  Previous  estimates 
of  mass  sediment  balance  in  the  Bay  have  assumed  that  fifty  percent  of 
the  sediments  dredged  in  shoaled  channels  are  subsequently  redredged. 
Thus,  this  study  of  environmental  impact  of  circulating  dredged  sediment 
also  Includes  an  evaluation  of  the  efficiency  in  terms  of  disposal 
locat ion. 

The  area  of  San  Francisco  Bay  selected  for  the  Material  Release 
Study  was  the  northern  portion,  which  includes  San  Pablo  Bay,  Carquinez 
Strait,  Mare  Island  Strait,  and  Suisun  Bay  as  shown  in  Figure  1.  The 
reasons  for  selecting  the  northern  reach  of  the  Bay  as  a study  area  was 
predicated  on  the  following: 

(1)  About  one-half  of  the  sediments  dredged  in  the  Bay  by  the 
Corps  of  Engineers  are  released  at  the  Carquinez  Strait  disposal  site; 

(2)  The  twice  yearly  dredging  of  the  Mare  Island  Strait  chan- 
nel, averaging  2.5  million  cubic  yards  annually,  is  the  subject  of  major 
controversy  concerning  the  possible  environmental  impacts  on  Bay  and 
Delta  fisheries  and  the  possible  Increase  in  slioallng  in  small  boat 
marinas  on  the  south  side  o'"  Carquinez  Strait. 

(3)  Approximately  eighty  percent  of  sediment  inflow  to  the  Bay 
comes  through  Carquinez  Strait,  the  outlet  of  flows  from  the  Central 
Valley  of  California; 

(4)  The  shallow  depths  and  low-energy  environment  of  large 
expanses  of  the  northern  reach  provide  a long  residence  time  for  sedi- 
ments and  an  opportunity  to  study  the  long-term  clrculat ion-resuspension- 
deposit  ion  cycle; 
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(5)  The  nodal  point  of  Che  salt-water  wedge  moves  through 
Carquinez  Strait  between  San  Pablo  Bay  and  Suisun  Bay. 

The  primary  objectives  of  tlie  study  were  to  determine  the  long-term 
movement  of  sediments  in  terms  of  the  extent  and  degree  of  impacts  and 
the  efficiency  of  the  disposal  operation  at  the  Carquinez  site  in  terms 
of  quantities  returning  to  the  channel  for  redredging.  The  secondary 
objective  was  to  provide  additional  Information  on  the  deposition, 
resuspension  and  circulation  of  sediments  in  an  estuarine  environment. 
The  objectives  dictated  that  the  efforts  be  long-term,  quantitative  and 
predictive  to  the  greatest  extent  possible. 

SCOPE  OF  STUDY 

The  study  included  a long-term  program  to  monitor  the  movement  of 
tagged  dredged  sediment  and  a numerical  model.  For  the  tracer  program. 
Bay  sediments  were  tagged  with  iridium  and  introduced  into  the  system 
during  a routine  six  week  maintenance  dredging  operation  in  Mare  Island 
Strait.  The  study  area  of  about  100  square  miles  was  sampled  monthly 
for  ten  months  using  push  tube  coring  techniques.  The  cores  were  ana- 
lyzed by  layer  to  determine  the  presence  of  iridium,  which  in  turn  was 
related  to  the.  volume  of  dredged  sediments.  The  numerical  model  in- 
cluded the  development  of  a dredged  sediment  dispersion  simulation 
technique  which  incorporated  a sediment  transport  model  into  an  existing 
estuary  model.  Limited  testing  was  conducted  using  rhe  numerical  model. 
The  Committee  on  Tidal  Hydraulics,  a Corps  of  Engineers  consulting  ac- 
tivity, provided  advice  and  guidance  prior  to  and  during  the  conduct  of 
this  investigation. 


BACKGROUND 


SAN  FRANCISCO  BAY 

San  Francisco  Bay  is  an  estuary.  Geomorphological ly  it  is  a semi- 
enclosed  drowned  valley  through  which  passes  the  drainage  of  the  Central 
Basin  of  California  and  is  subject  to  tidal  action  from  the  adjacent 
Pacific  Ocean  debouching  through  the  Golden  Gate.  The  estuary  has  a 
bifurcation  landward  of  the  Golden  Gate  with  a southerly  arm  stretching 
about  35  miles  to  the  southeast  and  a northerly  arm  that  extends  about 
22  miles  north,  then  abruptly  turns  in  an  easterly  direction  for  about 
20  miles  to  the  Sacramento-San  Joaquin  Delta.  The  southern  arm  is  South 
San  Francisco  Bay  and  the  northern  arm  passes  through  Central  San  Francisco 
Bay  and  includes  San  Pablo  Bay,  Carquinez  Strait  and  Suisun  Bay  (see 
Figure  1).  This  system  of  bays  has  widths  of  up  to  12  miles,  and  en- 
closes an  area  of  396  square  miles  at  moan  lower  low  water,  and  460 
square  miles  at  mean  higher  high  water.  San  Francisco  Bay  proper  ranges 
in  depth  from  the  shoal  areas  near  shore  (less  than  15  feet)  to  the  382- 
foot  depth  at  the  Golden  Gate.  San  Pablo  Bay,  which  is  considerably 
shallower  than  San  Francisco  Bay  proper,  ranges  in  depth  from  extensive 
shoal  areas  (northern  shallows  approximately  5 feet)  to  94  feet  in  San 
Pablo  Strait.  Of  the  total  Bay  system  about  50  percent  is  less  than  10 
feet  deep  and  about  68  percent  is  less  than  20  feet  deep  measured  from 
mean  sea  level. 
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I The  University  of  California  Berkeley  conducted  a comprehensive 

f study  of  San  Francisco  Bay  from  July  1960  to  July  1964  in  which  the 

t Bay's  hydrologic  system  was  characterized  (1).  They  found  that  the  mean 

annual  rates  of  total  advective  flow  during  the  survey  period  were  -77 
and  +20,070  cubic  feet  per  second  (cfs)  in  the  southern  and  northern 
reaches,  respectively.  The  maximum  observed  positive  and  negative 
monthly  flow  rates  were  2,230  and  -1,320  cfs  in  the  southern  reach  and 
101,400  and  -480  cfs  in  the  northern  reach.  The  southern  reach  was 
generally  a neutral  arm  because  of  the  relatively  insignificant  ad- 
vective flow  in  the  region.  The  northern  arm,  however,  was  a signifi- 
cantly positive  system  during  most  of  the  survey  period  as  a result  of 
the  Delta  outflow.  From  Corps  studies  (2)  the  mean  annual  tidal  prism 
of  the  southern  reach  was  about  3 x 10^®  cubic  feet.  This  value  was 
about  thirty  percent  greater  than  the  number  of  cubic  feet  determined 
for  the  northern  reach.  Using  tidal  wave  amplitudes,  amplitude  time 
lags,  and  phase  shifts  it  was  concluded  that  the  tidal  wave  was  pre- 
dominantly a standing  wave  in  the  southern  arm  and  a progressive  wave 
undergoing  extensive  frictional  decay  in  the  northern  arm.  The  mag- 
nitude of  the  advective  flows  significantly  Influences  the  character- 
istics of  this  northern  tidal  wave. 

The  tides  provide  a major  portion  of  the  turbulent  energy-causing 
I estuarine  mixing  (3).  Secondary  sources  of  turbulence  include  river 

I inflow,  currents  generated  by  lateral  constrictions  of  bottom  configu- 

ration and  wind-wave  phenomena.  The  degree  of  turbulence  in  an  estuary 
; dictates  the  distribution  of  water  properties.  Estuarine  mixing  struc- 

• ture  has  been  classified  in  terms  of  salinity  as  (a)  vertically  mixed  or 

well-mixed,  (b)  slightly  stratified  or  partially  mixed,  and  (c)  highly 
stratified  (4).  For  low  freshwater  inflows  (5,000  to  10,000  cubic  feet 
per  second),  all  portions  of  the  Bay  system  are  classified  as  well- 
I mixed.  For  inflows  of  100,000  cubic  feet  per  second  the  Golden  Gate  and 

extreme  South  Bay  areas  remain  well-mixed,  but  mid-South  Bay,  San  Pablo 
Strait  and  Carquinez  Strait  areas  change  to  a partly  mixed  condition. 

In  the  area  above  Carquinez  Strait  the  flow  is  highly  stratified.  For 
an  inflow  of  200,000  cubic  feet  per  second,  there  is  no  evidence  of  a 
well-mixed  condition  anywhere  in  the  Bay  system.  A major  part  of  the 
system  is  partly  mixed  and  a highly  stratified  condition  extends  far 
downstream  from  the  head  of  Suisun  Bay  to  and  beyond  Carquinez  Strait 
(2).  Thus,  the  San  Francisco  Bay  system  is  not  a single  well-defined 
body  of  water. 

Inflow  into  the  Bay  system  through  Suisun  Bay  primarily  stems  from 
^ the  two  major  river  systems  of  the  Central  Valley  Basin  - the  Sacramento 

and  San  Joaquin  Rivers.  The  net  delta  inflow  is  estimated  to  be  about 
16,800,000  acre-feet  per  year  under  present  upstream  development  condl- 
i tions.  Historically,  without  any  flow  regulation  or  diversion.  Delta 

input  was  estimated  to  be  30,300,000  acre-feet  per  year  (4).  In  addi- 
tion to  the  Sacramento  and  San  Joaquin  Rivers  which  drain  into  the  Bay 
j through  the  Delta,  only  eight  other  major  tributaries  flow  into  the  Bay 

I system.  The  combined  mean  annual  flow  of  these  streams  is  less  than  500 

cubic  feet  per  second  (360,000  acre-feet  per  year).  The  major  portion 
of  the  freshwater  flow  occurs  between  November  and  April. 
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Sediment  inflow-outflow  and  distribution  within  the  Bay  System  have 
been  variously  estimated  by  Gilbert  of  the  U.S.  Geological  Survey  (USGS) 
in  1917  (5);  Grimm  of  the  Corps  of  Engineers  in  1931  (6);  the  Soil 
Conservation  Service  of  the  U.S.  Department  of  Agriculture  in  1947;  the 
Corps  of  Engineers  in  1954  and  1967  (2,7);  State  of  California  Depart- 
ment of  Water  Resources  in  1955;  Porterfield,  Hawley  and  Dunnam  of  the 
USGS  in  1961  (8);  Smith  of  the  Corps  of  Engineers  in  1963  (9);  and  Krone 
in  1966  (10).  These  studies  vary  in  their  estimates  of  inflow-outflow 
and  distribution  of  volumes  in  the  Bay  system.  The  variance  can  be 
primarily  attributed  to  a scarcity  of  data  available  to  the  investi- 
gators . 

Smith,  using  U.S.  Coast  and  Geodetic  Survey  charts  of  the  Bay  at 
periodic  intervals  between  1855  and  1956  and  logs  of  borings,  estimated 
the  total  deposit  of  Bay  sediments  to  be  16  billion  cubic  yards.  The 
deposits  were  lightest  in  Suisun  Bay,  heaviest  in  Central  Bay  and  roughly 
equal  for  the  remaining  areas.  The  ratio  of  deposition  per  acre  is 
respectively,  1:3:2  for  Suisun  Bay,  the  Central  Bay,  and  approximately 
equal  for  Carqinez  Strait,  San  Pablo  Bay,  and  South  Bay.  Generally, 
these  areas  have  experienced  cycles  of  deposition  and  erosion,  with  the 
greatest  deposition  taking  place  during  the  hydraulic  mining  era  in  the 
Sierra  Nevadas.  Gilbert  estimated  that  just  during  the  period  of  1850- 
1914,  one  and  one-half  billion  cubic  yards  of  sediment  were  deposited  in 
the  Bay  system. 

Estimated  annual  sediment  inflow  volumes  before  1961  reflect  the 
limited  amount  of  data  available  at  the  time.  These  volumes  range  from 
8.0  million  cubic  yards  predicted  by  Gilbert  to  1.97  million  cubic  yards 
estimated  by  the  Corps  of  Engineers  in  1954.  The  USGS  in  1961  was  the 
first  to  use  direct  measurements  of  suspended  loads  being  transported 
into  the  Bay  system  by  all  sources.  From  these  measurements  the  USGS 
calculated  the  annual  sediment  inflow  to  the  Bay  system  between  the 
years  1957-1959  to  be  8.8  million  cubic  yards.  From  this  value  they 
estimated  the  present  annual  inflow  volume  to  be  8.0  million  cubic 
yards.  Smith  in  1963  estimated  that  8.325  million  cubic  yards  per  annum 
was  the  inflow  rate  to  the  Bay  system.  He  derived  his  estimate  from 
tonnages  and  daily  sediment  inflows  by  geographical  areas  for  the  years 
1909-1959  and  adjusted  to  1957-1959  conditions.  The  Corps  of  Engineers 
in  1967  used  the  basic  data  developed  by  the  USGS  for  the  period  1957- 
1959  to  arrive  at  the  average  annual  sediment  inflow  value  of  9.56 
million  cubic  yards.  The  difference  in  the  Corps'  1967  value  and  the 
uses'  1961  value  reflect  different  in-place  density  values  used  to 
convert  weight  of  sediment  to  volume  of  shoal.  Krone  in  1966  estimated 
the  average  annual  sediment  inflows  for  the  Bay  system  to  be  10.5  million 
cubic  yards,  based  on  hydrologic  data  from  1922-1933  and  USGS  measurements 
of  suspended  sediment  for  the  years  1957-1965.  Krone  also  estimated  the 
projected  1990  and  2020  sediment  inflows. 
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Of  the  sediment  entering  the  Bay  system  from  natural  sources  (new 
fluvial  sediments)  or  from  open  water  disposal  of  dredged  sediment,  a 
portion  is  transported  to  the  ocean  via  the  Golden  Gate  and  a portion  is 
retained  in  the  Bay  system.  The  Corps  of  Engineers  in  1967  used  two 
methods  for  determining  sediment  outflow.  The  first  method,  "Historical 
Shoaling  Method,"  estimated  the  volume  of  sediment  leaving  the  Bay  as 
the  difference  between  the  sum  of  the  new  sediment  inflow  (10.0  million 
cubic  yards)  and  dredged  sediment  released  in  the  Bay  (9.6  million  cubic 
yards)  and  the  sum  of  shoaling  within  and  outside  navigation  channels 
and  facilities  (15.4  million  cubic  yards).  The  estimated  average  annual 
sediment  outflow  volume  derived  from  the  "Historical  Shoaling  Method" 
was  4.2  million  cubic  yards.  The  second  method,  "River  Discharge 
Method,"  used  an  estimate  of  the  net  water  discharge  through  the  Golden 
Gate  and  an  assumed  average  turbidity  for  Bay  water.  The  product  of 
turbidity  and  net  water  discharge  gave  the  net  sediment  outflow. 

Analysis  of  numerous  suspended  sediment  samples  throughout  the  Bay 
system  for  conditions  of  low,  average  and  flood  flows,  indicated  that 
the  average  turbidity  in  Carquinez  Strait  and  easterly  San  Pablo  Bay  was 
about  70-80  parts  per  million,  and  at  the  Golden  Gate,  about  40-50  parts 
per  million.  Assuming  a turbidity  of  50  parts  per  million  for  an  aver- 
age monthly  discharge  of  29,000  cubic  feet  per  second,  the  Corps  of 
Engineers  estimated  the  average  annual  outflow  to  be  3.3  million  cubic 
yards.  In  addition,  model  studies  indicated  that  an  additional  1.4 
million  cubic  yards  would  leave  the  Bay  annually  from  overboard  dredge 
disposal  practices,  totaling  4.7  million  cubic  yards. 

The  Corps  of  Engineers  in  1967  studied  the  historical  sedimentation 
patterns  in  the  Bay  system  using  hydrographic  surveys  for  a 101-year 
period  from  1855  to  1956.  The  results  of  the  study  showed  that  there 
was  an  average  annual  net  deposition  of  5.2  million  cubic  yards. 

Krone,  in  his  sedimentation  studies  of  San  Francisco  Bay  in  1966 
and  1974  estimated  that  8.1  million  cubic  yards  of  sediment  annually 
leaves  the  Bay,  while  2.4  million  cubic  yards  are  retained.  He  esti- 
mated that  a steady  state  situation  was  reached  in  the  Bay-Delta  system 
in  about  1957.  The  annual  retention  of  2.4  million  cubic  yards  of 
sediment  in  the  system  is  compensated  for  by  an  average  annual  rise  in 
sea  level  of  0.00577  feet  per  year  and  gradual  subsidence  of  the  Bay 
bottom  (5).  The  State  of  California  Department  of  Water  Resources  (11) 
estimated  annual  net  deposition  in  the  Bay  to  be  2.1  million  cubic 
yards.  Table  1 is  a summary  of  the  average  annual  sediment  inflow- 
outflow  and  deposition  volumes  from  the  foregoing  Investigations. 

Two  other  aspects  of  sediment  transport  in  the  Bay  system  are 
anp'ial  dredging  and  disposal  operations,  and  resuspension  of  bottom 
sediments  due  to  wind-generated  turbulence  and  tidal  currents.  Approxi- 
mately 10.5  million  cubic  yards  of  Bay  sediments  are  dredged  annually  in 
the  Bay  system.  The  majority  of  these  sediments  are  released  in  the  Bay 
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TABLE  1 


r- 
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i 


ANNUAL  SEDIMENT  INKLOW-OUTFLOW  AND 
DEPOSITION  VOLUMES 
FOR 

SAN  FRANCISCO  BAY  SYSTEM^' 


Inflow  From 
Delta 

Inflow  From 
Other 

Tributaries 

Total 

Inflow 

Sediment 

Outflow 

Sediment 

Deposition 

Investigator 

Millions 

of  Cubic  Yards 

Gilbert  (1917') 

Prior  to  1850 

2.0 

1850-1914 

23.0 

Future  predicted 

8.0 

Grimm  (1931) 

5.75 

-5.4* 

Corps  of  Engineers  (1954) 

Existing 

3.36 

Future  w/controls 

1.97 

Calif.  Dept,  of  Water 

Resources 

(1955) 

Existing  conditions 

4.0 

Future  w/controls 

3.0 

U.S.G.S.  (1961) 

From  1957-1959 

7.2 

1.6 

8.8 

Future 

6.9 

1.1 

8.0 

Smith  (1963) 

1960  conditions 

7.04 

1.195 

8.235 

4.2 

5.2 

Corps  of  Engineers 

(1967) 

8.13 

1.43 

9.56 

4.7 

5.2 

Krone  (1966) 

By  year  1960 

8.1 

2.4 

10.5 

8.1 

2.4 

By  year  1990 

4.3 

2.4 

6.7 

By  year  2020 

3.0 

2.4 

5.4 

* Considers  only  San  Pablo  Bay  and  Carquinez  Strait. 


Ij  Source:  Dredge  Disposal  Study,  Appendix  B. 
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at  three  open  water  disposal  sites.  Assuming  that  sites  received 
dredged  sediments  over  a 250-day  period  and  that  the  sediment  disperses 
over  a 100-square-mile  area,  AOO  cubic  yards  of  dredged  sediment  would 
be  placed  in  suspension  per  square  mile  per  day  of  dredging.  In  con- 
trast, Krone  estimated  the  amount  of  material  suspended  by  wave  action 
in  a square  mile  of  shallow  area  by  conservatively  using  an  average 
suspended  sediment  concentration  of  0.5  grams  per  liter  over  a five-foot 
water  depth  when  the  wind  blows  over  10  knots.  Using  the  value  of  220 
days  per  year  when  the  wind  velocity  is  10  knots  or  greater.  Krone 
estimated  that  each  square  mile  of  shallow  area  suspends  2,200  tons  of 
sediments  per  day.  Using  the  density  of  25  pounds  per  cubic  foot  for 
sediments  brought  into  suspension  by  wind  and  wave  forces,  the  2,200 
tons  may  be  converted  to  cubic  yards,  giving  a total  of  6,500  cubic 
yards  per  square  mile  per  day  as  the  volume  of  sediment  resuspended  by 
wind-driven  waves.  This  is  16  times  the  amount  calculated  for  dredging. 

SAN  PABLO  BAY-CARQUINEZ  STRAIT 

Carquinez  Strait  is  the  western  terminus  for  water  discharge  from 
the  Great  Basin.  The  confluence  of  the  San  Joaquin  and  Sacramento 
Rivers  is  located  just  east  of  Suisun  Bay  where  the  river  flow  then 
moves  into  the  narrow  and  deep  Carquinez  Strait.  The  Strait  is  seven 
and  one-half  miles  long  and  varies  from  one-half  to  one  mile  in  width. 
Because  of  the  constricted  width  and  high  flows,  the  strait  reaches 
depths  of  greater  than  100  feet.  The  Napa  River  discharges  into  the 
western  end  of  Carquinez  Strait  through  Mare  Island  Strait.  Carquinez 
Strait  empties  into  the  broad  and  shallow  San  Pablo  Bay,  an  area  where 
freshwater  inflow  from  the  Great  Basin  inter-mix  with  the  saline  estu- 
arine waters. 

San  Pablo  Bay  contains  twenty-five  percent  of  the  total  area  of  the 
Bay  system.  It  is  roughly  circular  and  shallow,  and  half  the  bay  is 
less  than  six  feet  deep.  Much  of  the  shoreline  consists  of  marshes  and 
tidal  flats  which  are  exposed  at  low  tide.  A natural  channel  shown  in 
Figure  2 crosses  the  southern  part  of  the  bay  from  San  Pablo  Strait  to 
Carquinez  Strait.  This  channel  is  greater  than  20  feet  in  depth.  A 
dredged  channel,  maintained  to  a depth  of  35  feet  below  MLLW  cuts 
through  Pinole  Shoal  in  the  eastern  half  of  the  natural  channel.  An- 
other natural  channel,  somewhat  subdued,  moves  north  from  San  Pablo 
Strait  towards  the  Petaluma  River. 

Tides  in  the  deeper  channels  of  the  northern  Bay  system  behave  as  a 
progressive  wave,  with  about  20  percent  attenuation  between  the  Golden 
Gate  and  Suisun  Bay,  due  to  channel  friction.  A time  lag  of  tidal  phase 
and  currents  occur  as  the  tide  progresses  up  San  Francisco  Bay.  As  a 
result  slack  current  in  San  Pablo  Bay  may  lag  behind  the  time  of  tidal 
stand  by  one  to  three  hours,  depending  in  part  on  river  inflow  rates. 

The  magnitude  of  tidal  currents  in  San  Pablo  Bay  depends  on  the  location 
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in  respect  to  the  channels.  In  the  channels  the  currents  range  from  A. 2 
knots  at  flood  to  5.8  knots  at  ebb.  The  tidal  currents  in  shallow  areas 
of  San  Pablo  Bay  reach  maximum  velocities  of  about  2.5  knots.  All 
phases  of  currents  in  Mare  Island  Strait  occur  earlier  than  in  Carquinez 
Strait.  On  the  average,  flood  occurs  in  Mare  Island  Strait  about  two 
hours  before  flood  in  Carquinez  Strait.  During  this  period  the  ebb  in 
Carquinez  Strait  enters  Mare  Island  Strait  as  flood.  The  ebb  occurs  in 
Mare  Island  Strait  about  1.5  hours  before  ebb  in  Carquinez  Strait. 
Current  velocities  in  Mare  Island  Strait  are  small.  Maximum  ebb  cur- 
rents at  the  surface  reach  velocities  of  1.3  knots  and  at  the  bottom  the 
ebb  current  velocities  are  only  about  0.6  knots.  Maximum  flood  currents 
reach  velocities  of  one  knot  at  the  surface  and  1.5  knots  at  the  bottom. 

The  approximate  flow  circulation  patterns  in  San  Pablo  Bay  are 
shown  in  Figure  3,  for  moderate  freshwater  inflow  and  typical  tides. 

The  importance  of  geography  in  dictating  the  circulation  pattern  is 
evident.  The  shallowness  of  the  northern  portion  of  the  bay  and  the 
presence  of  the  deeper  channel  through  the  southern  sector  funnels  much 
of  the  flood  and  ebb  tidal  flow  through  that  portion  of  the  bay.  Large 
eddy  currents  are  developed  in  the  shallows  of  the  northern  portion  of 
the  bay  during  both  ebb  and  flood  flow.  Near  the  end  of  tide  (Figure  3) 
flood  currents  first  enter  the  bay  from  San  Pablo  Strait  and  as  the 
flood  gathers  momentum,  it  turns  the  ebb  into  the  adjacent  shallow 
areas,  particularly  in  the  northeast,  and  back  into  Carquinez  Strait. 

As  the  flood  tide  progresses,  the  northeastern  shallow  area  contributes 
flow  into  Carquinez  Strait. 

As  previously  discussed,  much  of  the  ebb  and  flood  flows  are  con- 
centrated in  the  southern  portion  of  San  Pablo  Bay,  due  to  the  presence 
of  the  natural  channel.  However,  promontories  such  as  Point  San  Pablo 
and  Pinole  Point  generate  small  gyres  in  the  extreme  southern  portion  of 
the  bay. 

Current  flow  in  Carquinez  Strait  is  primarily  bi-directional  with 
the  major  concentration  being  in  the  deeper  channel  section.  Along  the 
periphery  of  the  strait  current  velocities  are  greatly  subdued  with  the 
formation  of  small,  low  velocity  eddies  in  areas  where  the  cross  section 
area  becomes  larger. 

Tidal  circulation  in  Mare  Island  Strait  is  primarily  bi-direction- 
al. There  exists  a bottom  flood  predominance  with  the  tidal  prism 
filling  largely  through  the  bottom  waters  and  a surface  ebb  predom.inance 
with  the  tidal  prism  emptying  in  the  surface  waters. 

San  Pablo  Bay  is  well-mixed  for  most  river  inflows  and  partly-mixed 
during  periods  of  freshwater  runoff  (freshet  condition).  During  high 
runoff  there  is  a tendency  toward  stratified  flow  in  the  channels. 
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FIGURE  3 


Carquinez  Strait  and  Mare  Island  Strait  are  well-mixed  for  low  and 
Intermediate  river  discharges,  but  portions  may  range  from  partly-mixed 
to  nearly  freshwater  throughout  during  periods  of  large  runoff. 

Prevailing  westerly  winds  occur  In  the  San  Pablo  Bay  area  during 
much  of  the  spring  and  throughout  the  summer.  Hills  near  the  western 
shore  of  the  Bay  shelter  the  adjacent  shallow  water  from  the  full  effect 
of  prevailing  westerlies.  The  long  fetch  for  westerly  winds  allows 
sizable  waves  up  to  five  feet  In  height  to  occur  over  the  extensive 
shallow  area  In  the  northeastern  portion  of  the  bay.  Large  waves  also 
occur  along  the  channel,  often  entering  San  Pablo  Bay  from  San  Pablo 
Strait.  These  waves  move  eastward  Into  adjacent  shallow  areas. 

Most  sediment  entering  the  San  Pablo  Bay  a.-ea  originates  from  the 
Great  Basin  and  Is  conveyed  to  San  Francisco  Bay  by  the  Sacramento-San 
Joaquin  River  system.  These  sediments,  like  the  majority  of  those  In 
the  Bay,  are  principally  clay  and  silt.  About  40-60  percent  are  clays 
and  the  remainder  are  almost  entirely  silts.  Volatile  solids  are  5-10 
percent.  Seasonal  variations  in  particle  size  distribution  of  surface 
sediments  indicate  that  much  of  the  sediment  deposited  in  San  Pablo  Bay 
cannot  be  regarded  as  permanently  placed.  The  estuary's  dynamic  be- 
havior causes  an  almost  continuous  redistribution  of  sediments  after 
initial  deposition.  Suspended  and  bedload  sediments  are  brought  Into 
San  Pablo  Bay  during  the  season  of  high  freshwater  runoff,  where, 
initially,  the  processes  of  transportation,  flocculation,  and  sedimen- 
tation allow  an  extensive  distribution  of  new  deposits.  Thereafter,  the 
processes  of  resuspension,  transportation  and  redeposition  alter  the 
pattern  of  sediment  distribution  in  San  Pablo  Bay.  Tidal  action,  water 
circulation,  internal  shear  from  mixing  and  wind-wave  action  are  the 
principal  forces  responsible  for  the  distribution  of  these  sediments. 

The  historical  sedimentation  pattern  in  San  Pablo  Bay  and  Carquinez 
Strait  has  been  described  by  Smith  (9).  Figure  4 is  a contour  map  of 
the  average  annual  sediment  deposition  volume  for  the  years  1860  to 
1956,  developed  from  Smith's  data.  Historically,  the  channel  margins 
have  shown  the  highest  rates  of  deposition.  The  shallow  areas  lying 
mostly  in  the  northern  and  western  limits  of  the  Bay,  with  small  areas 
contiguous  to  the  southern  shoreline,  have  had  fairly  high  deposition 
rates;  however,  these  rates  are  only  about  half  that  of  the  channel  area 
margins.  The  channel  areas  have  shown  consistent  scour. 

Carquinez  Strait,  like  channel  and  intermediate  depth  areas  in  San 
Pablo  Bay,  has  historically  experienced  very  heavy  sedimentation  along 
the  shoreline,  especially  the  north  shore,  accompanied  by  compensating 
scour  in  the  channel  area. 
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Krone  (12)  lias  described  the  seasonal  deposition  patterns  in  the 
San  Pablo  Bay  area.  The  high  concentrations  of  suspended  particles  and 
internal  shearing  between  fresh  and  salt  water  interface  in  the  mixing 
zone  during  storm  runoff  promote  rapid  aggregation  of  suspended  par- 
ticles in  the  water  column  as  they  move  into  San  Pablo  Bay  from  Carquinez 
Strait.  The  tranquil  water  circulation  regimen  shown  on  Figure  3 in  the 
northern  shallows  allow  these  particles  to  settle  to  the  bed.  During 
spring  and  summer  months  daily  onshore  breezes  generate  waves  in  the 
northern  shallows  that  resuspend  newly  deposited  sediments  and  keep  them 
in  suspension,  which  allows  low  velocity  tidal  and  wind  drift  currents 
to  transport  them  to  more  tranquil  areas.  Material  suspended  in  the 
large  shallow  expanse  of  San  Pablo  Bay  is  carried  upstream  by  flood 
tides.  Since  the  material  is  already  aggregated,  concentrations  near 
the  bed  are  high,  and  the  net  upstream  water  movement  near  the  bed 
carries  this  material  eastward  where  turbulence  mixes  it  upward  with  the 
westward  flowing  fresh  water.  This  phenomenon  results  in  an  increased 
suspended  sediment  concentration  in  the  upper  water  column.  These 
suspended  particles  are  then  able  to  return  downstream  to  be  redeposited 
in  the  shallow  areas  where  they  may  again  be  resuspended,  or  they  may 
remain  in  suspension,  moving  to  other  parts  of  the  Bay  system  or  out  to 
sea  through  the  Golden  Gate,  or  they  may  be  deposited  in  low  enery  areas 
to  form  shoals.  To  confirm  this  sediment  circulation  pattern,  Krone 
also  studied  the  physical  properties  of  sediments  in  the  shallows  (10). 
During  the  short  winter  period  when  most  of  the  new  sediments  are 
deposited  in  the  shallow  areas,  the  bed  surface  is  composed  of  very  fine 
uncompacted  material.  When  the  shallow  areas  are  exposed  to  wind-wave 
action  during  the  spring-summer  period,  the  surface  sediments  become 
coarser  and  a crust  is  formed  that  armors  the  bed  and  prevents  erosion 
of  deeper  sediments. 

Klingeman  and  Kaufman  (3)  have  also  investigated  seasonal  shoaling 
patterns  in  San  Pablo  Bay  using  levels  of  sediment-sorbed  radionuclides 
as  an  indicator  of  deposition.  The  deposition  patterns  for  suspended 
sediments  entering  San  Pablo  Bay  with  storm  runoff  are  described  by 
these  authors  in  terms  of  several  zones  of  differing  deposition  char- 
acteristics. They  found  that  initial  deposition  of  sediments  from  storm 
runoff  occk.'-s  along  the  dredged  channel  (Pinole  Shoal  channel)  and  on 
the  north  and  south  side  of  the  dredged  channel.  After  initial  depo- 
sition, an  almost  continuous  Interchange  occurs  between  suspended  and 
deposited  sediment  over  much  of  San  Pablo  Bay  due  to  wind-wave  action  in 
the  spring-summer  period.  The  effectiveness  of  this  mechanism  dimin- 
ishes with  increasing  depth  and  depends  upon  location  and  exposure  to 
waves.  The  shallow  portions  of  San  Pablo  Bay,  which  appear  to  be  in  a 
long-term  quasi-equilibrium  state  with  only  a very  gradual  loss  of 
depth,  go  through  a short  period  of  bed  aggradation  during  the  winter 
and  a long  period  of  less  intense  bed  erosion  during  the  spring-summer. 

In  the  northern  shallow  region  sediment  resuspension  can  take  place  soon 
after  initial  deposition.  This  area  is  a sediment  reservoir  providing 
long-term  supply  of  sediment  for  secondary  deposition  in  ottier  parts  of 
the  estuarine  system,  particularly  in  deeper  water  near  the  channel. 
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The  second  zone,  typified  by  tlie  southern  shallows  east  of  Pinole  Point, 
is  also  subject  to  resuspension  losses  of  initial  deposits  by  wind-wave 
agitation.  However,  a greater  degree  of  protection  against  wind-wave 
resuspension  is  provided  by  tiie  shoreline  and  by  the  orientation  of  this 
area  with  respect  to  the  direction  of  strong  prevailing  winds.  Con- 
sequently, secondary  deposition  of  sediment  removed  from  the  northern 
shallows  may  be  large  in  this  southern  shoal  region  under  suitable  con- 
ditions. The  shallow  areas  along  the  western  and  southwestern  shore  of 
San  Pablo  Bay  are  probably  intermediate  in  their  deposition  behavior 
between  that  of  the  northern  and  southern  shallows.  Secondary  deposi- 
tion of  sediment  from  Che  northern  shallows  is  likely  because  of  the 
pattern  of  current  circulation  and  waves  traveling  into  the  bay  from  San 
Pablo  Strait. 

MARE  ISLAND  STRAIT  DREDGING  PROJECT 

Mare  Island  Naval  Shipyard  was  established  in  1854.  The  first  of  a 
series  of  navigation  Improvements  in  Mare  Island  Strait  was  begun  by  the 
Department  of  the  Navy  in  1892.  Subsequent  improvements  were  undertaken 
by  the  Cor]>s  under  the  Rivers  and  Harbors  Acts  of  13  June  1902,  27 
February  1911,  and  8 August  1917.  The  Act  of  21  January  1927  increased 
the  channel  width  to  600  feet  and  the  depth  to  30  feet  and  authorized 
the  Carquinez  Strait  site  as  the  disposal  area.  The  most  recent  Act  of 
2 March  1945  authorized  approach  areas  at  Vallejo,  South  Vallejo  and 
Navy  yard  piers. 

The  existing  authorized  dimensions  include:  a channel  700  feet 

wide  through  Mare  Island  Strait,  flaring  to  a turning  basin  generally 
1,000  feet  wide  from  former  Dike  No.  6 to  within  75  feet  southerly  from 
ttie  causeway  between  Vallejo  and  Mare  Island,  30  feet  deep  except  at  the 
northerly  end  where  the  project  depth  is  26  feet;  two  approach  areas,  20 
feet  deep,  to  the  waterfronts  at  Vallejo  and  South  Vallejo;  and  main- 
tenance of  two  approach  areas  to  Navy  yard  piers  at  the  southern  end  of 
Mare  Island.  The  approach  areas  to  the  two  Navy  yard  piers  are  no 
Longer  dredged,  as  these  piers  no  longer  exist.  Similarly,  the  approach 
areas  at  Vallejo  and  South  Vallejo  have  not  been  dredged  in  recent 
years.  The  Mare  Island  Channel  is  primarily  used  by  nuclear  submarines 
and  other  deep-draft  Navy  vessels  moving  to  and  from  the  Mare  Island 
Naval  Shipyard,  where  maintenance  and  repair  facilities  are  located. 

Mare  Island  Strait  channel  has  experienced  extremely  high  rates  of 
shoaling,  requiring  a large  amount  of  maintenance  dredging  to  maintain 
the  channel  to  a project  depth  of  32  feet.  The  average  annual  quantity 
of  dredged  sediment  since  about  1940  is  approximately  2.5  million  cubic 
yards.  The  high  cost  of  maintaining  the  channel  has  resulted  In  many 
studies  of  the  shoaling  problem.  Krone  (10,  12)  has  conducted  extensive 
studies  in  Mare  Island  Strait.  He  reported  that  even  though  most  sediment 
is  brought  into  the  San  Pablo  Bay  area  during  storm  runoff,  the  principal 
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shoaling  period  in  Mare  Island  Strait  is  during  the  spring  and  summer 
months  when  the  tidal  flood  currents  bring  the  resuspended  sediments 
from  San  Pablo  Bay  back  into  Carquinez  Strait.  The  tidal  phase  lag  and 
bottom  flood  predominance  in  Mare  island  Strait  allows  high  sediment- 
laden water  to  enter  the  strait  and  subsequently  be  trapped  due  to  the 
surface  ebb  predominance  (2). 

The  presently  autiiorized  disposal  site  for  sediments  dredged  from 
Mare  Island  Strait  is  at  the  entrance  to  Carquinez  Strait  on  the  north 
side  of  the  natural  channel. 

Dredging  operations  are  conducted  in  Mare  Island  Strait  in  both 
fall  and  late  Vi;inter  to  imiintain  the  required  channel  depths.  The 
dredging  is  accomplished  by  the  Corps'  trailing  suction  hopper  dredge, 
CHESTER  HARDING.  Each  dredging  cycle  runs  about  six  weeks.  During  this 
period  the  dredge  works  24  hours  a day,  with  twelve  days  on  station  and 
two  days  off.  The  dredging  cycle,  including  dredging,  transit,  and 
disposal,  averages  about  75  minutes.  The  Navy  maintains  its  slips  with 
a hydraulic  cutterhead  dredge  with  land  disposal  on  the  west  side  of  the 
island . 

The  quantity  of  sediments  dredged  annually  from  the  Mare  Island 
channel  by  the  Corps  and  the  Navy  approximates  3.0  million  cubic  yards, 
of  which  approximately  500,000  cubic  yards  are  dredged  by  the  Navy.  The 
dredging  of  Mare  Island  Strait  represents  about  a quarter  of  all  main- 
tenance dredging  in  the  Bay-Delta  system.  A more  complete  description 
of  the  oredging  history  of  the  Mare  Island  channel  can  be  found  in 
Reference  13. 

The  sediments  dredged  in  Mare  Island  Strait  consist  of  approxi- 
mately 60  percent  (by  weight)  clay  size  particles;  30  percent  silt  size, 
and  10  percent  fine  sand.  Organic  matter  in  the  sediments  includes  land 
erosion  debri.s  and  some  peat  material  from  Delta  erosion. 

The  sources  of  sediment  in  Mare  Island  Strait  include  flood-borne 
sediments  of  the  Napa  River,  suspended  sediments  from  the  Sacramento-San 
Joaquin  River  System  entering  the  Strait  thru  Carquinez  Strait,  resus- 
pended sediments  from  San  Pablo  Bay,  and  dredged  sediments  returning  to 
the  Strait  after  disposal  at  the  Carquinez  site. 

Fine  sediments  enter  the  Bay  as  suspended  material  in  tributary 
streams.  Large  amounts  enter  during  runoff  conditions,  and  the  quantity 
decreases  rapidly  thereafter.  About  80  percent  of  sediments  entering 
the  Bay  are  derived  from  Central  Valley  drainage  through  Sulsun  Bay  and 
Carquinez  Strait  (2). 

The  rate  of  sedimentation  in  Mare  Island  Strait  during  the  falling 
river  discharge  of  spring  and  summer  is  less  than  during  the  higher 
river  discharge  and  storms  of  late  winter,  based  on  dredging  records  and 
the  established  pattern  of  dredging,  which  is  dictated  by  the  rate  of 
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shoaling.  The  Strait  is  normally  dredgeil  in  the  late  fall  (Octoher- 
Noveinber)  and  later  in  winter  (February-March) . The  rate  of  shoaling, 
derived  from  Corps  dredging  records,  is  greater  betvn-.cn  the  fall-winter 
dredging  than  the  winter-fall  cycle.  Table  2 shows  the  quantities  of 
sediments  dredged  from  Mare  Island  Strait  by  the  Corps  from  1953  to 
1977.  This  data  shows  that  the  dredging  cycle  in  the  Strait  and  the 
dredging  quantities  vary  from  year  to  year,  and  that  variations  in 
sediment  inflow  and  the  other  dynamic  sedimentation  t>rocesses  have  a 
significant  effect  on  the  rate  of  shoaling  in  the  Strait. 

The  very  low  quantity  of  dredged  material  shown  in  nctober-N'ovember 
1976  and  the  Spring  of  1977  are  coincidental  with  the  dryest  year  in 
recorded  history  in  California. 

SF.D1MKNT  TR.\CER  PROGIbVM 

INTRODUCTION 

The  movement  of  dredged  sediment  released  at  the  Carquinez  site  has 
been  studied  using  the  San  Francisco  Bay  hydraulic  model  (2).  The  tests 
used  gilsonite  to  simulate  the  dredged  sediment.  The  model,  however, 
only  allows  the  study  of  the  deposition  and  circulation  effects  of  tides 
and  freshwater  inflow.  The  problem  of  scaling  with  gilsonite  and  the 
lack  of  resuspension  properties,  such  as  wind-wave  action,  observed  in 
the  prototype,  place  major  limitations  on  the  results  of  these  studies. 

Krone  (15)  conducted  radioactive  tracer  studies,  using  gold  (198^^), 
at  the  entrance  to  Mare  Island  Strait  in  the  early  1960's.  The  purpose 
of  the  tests  was  to  evaluate  the  efficiency  of  disposal  in  Carquinez 
Strait.  Due  to  the  short  half-life  of  198^^,  the  results  of  the  tests 
were  limited  in  terras  of  days  and  the  unknowns  of  dispersion  and  mixing 
prevented  accurate  quantification  of  the  results. 

Radioactive  tracer  studies  have  also  been  conducted  with  sand  along 
the  coast  of  Germany  using  scandium.  Detection  was  achieved  up  to  6 to 
9 months  and  quantification  of  the  results  was  claimed  (161.  Other 
field  methods  of  tracing  sediment  movements  in  an  aqueous  environment 
include  the  use  of  fluorescent  compounds,  mineral  compositions,  glass 
beads,  and  foreign  trace  element  levels.  Tlie  changes  of  i^  situ  den- 
sity, the  small  particle  size  range,  and  the  sediment  mixing,  layering 
and  resuspension  in  the  Bay  prevented  consideration  of  previously  used 
methods  for  this  study. 

A new  technique  for  following  the  circulation  of  sediments  had  been 
proposed  to  the  San  Francisco  District  by  the  Explosive  Excavation 
Research  Laboratory  (EERL).  now  the  Explosive  Effects  Division  of  the 
Weapon  Effects  Laboratory  of  the  Waterways  Experiment  Station.  The 
technique  consists  of  tagging  Bay  sediments  with  a trace  element  in  a 
known  abundance.  Sediments  are  sampled  at  selected  locations  in  the 
study  area  and  analyzed  for  the  trace  element  using  neutron  activation 
methods.  EERL  had  developed  a similar  technique  for  tracing  material 
emplaced  in  an  underground  explosive  charge  and  subsequently  released  to 
the  atmosphere  by  detonation  of  the  explosive. 
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table  2 


Volume  of  Material  Dredged  by  the 
Corps  of  Engineers  from  Mare  Island  Strait 
By  Dredging  Cycle,  1953  - 1977 


Dredging  Cycle 

Volume,  yc 

1 Jul  - 31  Aug  1953 

535,062 

20  Jan  - 24  Feb  1954 

574,547 

12  Apr  - 12  May  1954 

477,153 

1 Nov  - 5 Dec  1954 

324,348 

1 Feb  - 15  Apr  1955 

1,061,725 

31  Aug  - 15  Oct  1955 

713,200 

4 Mar  - 14  Apr  1956 

618,635 

15  Oct  1956  - 14  Apr  1957 

1,864,880 

1 Oct  - 6 Dec  1957 

1,150,000 

12  Jan  - 23  Mar  1959 

1,690,000 

26  Mar  - 25  Apr  1959 

229,600 

7 Nov  1959  - 21  May  1960 

3,629,000 

6 Sep  - 30  Oct  1960 

1,016,000 

23  May  - 4 Jul  1961 

838,000 

1-31  Oct  1961  & 1-12  Jan  1962 

822,500 

22  May  - 3 Jun  1962 

231,500 

1-10  Aug  & 11  Sept  - 30  Oct  1962 

1,643,000 

17  Mar  - 30  Apr  1963 

1,494,500 

30  Jul  - 23  Sep  1963 

1,049,000 

15  Mar  - 21  Apr  1964 

924,900 

2-4  Aug  1964 

129,000 

3-18  Nov  1964 

414,000 

15  Mar  - 29  Apr  1965 

1,960,600 

5 Jul  - 12  Aug  1965 

1,544,000 

26  Jan  - 22  Feb  1966 

1,121,840 

5 Sep  - 25  Oct  1966 

1,129,500 

14  - 29  Mar  1967 

450,100 

12  Aug  - 16  Sep  1967 

779,700 

28  Nov  - 25  Dec  1967 

703,500 

20  Apr  - 8 May  1968 

467,800 

9 Oct  - 17  Nov  1968 

712,500 

31  Mar  - 26  Apr  1969 

996,000 

2 Oct  - 3 Nov  1969 

1,235,000 

5-17  Feb  1970 

507,000 

19  Oct  - 28  Nov  1970  & 6-9  Jan 

1971 

746,000 

1-7  Mar  & 19  Apr  - 9 May  1971 

1,211,500 

1 Oct  - 23  Nov  & 15  Dec  1971 

1,372,500 

13  Mar  - 11  Apr  1972 

941,500 

8 Jan  - 23  Feb  1973 

1,265,000 

26  Oct  - 19  Nov  1973 

753,000 

13  Feb  - 2 Apr  1974 

1,623,800 

20  Sep  - 30  Oct  1974 

1,255,000 

26  Feb  - 2 Apr  1975 

1,193,000 

20  Oct  - 26  Nov  1975 

1,330,500 

19  Feb  - 16  Mar  1976 

910,000 

26  Oct  - 7 Nov  1976 

252,500 

Spring  1977 

18 

0 

The  tr^Tcing  of  sediment  movement  in  the  study  area  was  accomplished 
jointly  by  EERL  and  the  San  Francisco  District.  The  EF.RL  effort,  which 
included  contract  work  by  the  Stanford  Research  Institute  (SRI),  involved 
developing  the  technique  for  the  aquatic  environment,  the  introduction 
of  Lagged  sediments  during  the  February-March  1974  dredging  of  Mare 
Island  Strait  with  disposal  in  Carquinez  Strait,  and  analysis  of  the 
samples.  The  EERL/SRI  work  included  the  identification  of  neutron- 
act  ivable  chemical  elements  for  use  as  a tracer,  selection  of  an  ap- 
propriate trace  element  based  on  feasibility  and  cost,  development  of  a 
sediment  tagging  procedure,  introduction  of  tagged  sediments  to  the 
dredged  sediments,  development  of  sample  analytical  methods  which  would 
allow  quantification  of  dredged  sediment  deposition,  application  of  the 
analytical  methods  to  collected  samples  from  the  study  area,  and  docu- 
mentation of  their  effort. 

The  application  of  the  tracing  technique  involved  the  fixing  of  the 
tracer  element  onto  quantities  of  Mare  Island  Strait  sediments,  intro- 
duction of  this  tagged  sediment  into  the  dredge  hoppers  prior  to  release 
at  the  Carquinez  Strait  site,  sampling  bottom  sediments  throughout  the 
study  area  for  a 10-month  period,  and  quantitative  analysis  of  the 
collected  samples.  The  San  Francisco  District  was  responsible  for  the 
type  and  method  of  sediment  sampling  and  the  collection  of  samples  from 
the  study  area.  Evaluation  of  the  data  was  accomplished  by  the  San 
Francisco  District.  The  research  performed  by  EERL  and  SRI  is  reported 
in  Reference  17  and  is  reproduced  in  this  report  as  Inclosure  1. 

THE  NEUTRON  ACTIV.4TI0N  TECHNIQUE 

Chemical  elements,  when  exposed  to  thermal  neutrons  in  a nuclear 
reactor,  become  radioactive  by  capturing  the  neutrons.  The  radioactive 
atoms  (radionuclides)  of  the  element  formed  decay  by  releasing  energy  in 
the  form  of  an  electron  (beta  particle)  and  one  or  more  gamma  rays.  The 
period  of  time  required  for  the  radionuclide  to  lose  50  percent  of  its 
activity  is  known  as  its  "half-life."  If  the  decay  process  is  accom- 
panied by  one  or  more  gamma  rays,  the  gamma  rays  have  a characteristic 
energy  level  which  is  associated  with  the  atomic  mass  and  chemical 
species  of  the  decaying  radionuclide.  Measuring  the  gamma-ray  energies 
emitted  by  an  activated  sample  identifies  the  neutron-activable  elements 
present.  The  quantity  of  each  of  the  elements  in  the  sample  can  be 
calculated  if  the  gamma-ray  emission  rate  and  neutron  exposure  of  the 
sample  are  known. 

In  using  the  neutron  activation  technique  to  trace  sediment  move- 
ments, a small  amount  of  a trace  material  in  very  low  abundance  in  the 
prototype  system  (at  least  a factor  of  five  less  than  that  being  added) 
is  fixed  to  a quantity  of  sediment  and  introduced  at  a known  concentra- 
tion into  the  dredge  hopper.  The  dredged  sediment  and  the  tagged  sedi- 
ment are  then  released  into  the  study  area  at  the  disposal  site.  After 
a period  of  time,  bottom  sediment  samples  are  taken,  processed,  neutron 
activated,  and  the  amount  of  trace  element  in  the  sample  determined. 
Knowing  the  abundance  of  trace  element  fixed  to  the  original  sediments 
and  the  amount  of  the  tagged  sediments  added  to  each  hopper  load  allows 
the  calculation  of  the  percentage  of  dredged  sediment  present  in  a 
bottom  sample. 
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The  selection  of  a trace  element  to  be  used  with  the  Mare  Island 
Strait  sediments  was  based  on  an  extensive  investigation  of  chemical 
element  concentrations  in  sediments  from  Mare  Island  Strait  and  San 
Pablo  Bay  and  an  evaluation  of  detection  limits  based  on  dispersal  of 
sediment  in  the  entire  study  area  and  the  quantity  of  new  sediments 
entering  the  system.  Estimates  of  total  sediment  movement  over  a one- 
year  period  within  the  study  area  ranged  from  ten  to  twenty  million 
cubic  yards  of  sediment,  which  included  the  quantity  dredged,  sediment 
inflow  to  the  study  area,  and  the  mixing  of  sediments  in  San  Pablo  Bay, 
Mare  Island  and  Carquinez  Straits,  and  Suisun  Bay. 

After  an  investigation  of  numerous  candidate  trace  elements,  EERL 
limited  the  field  to  gold,  rhenium,  and  Iridium.  Gold  was  eliminated 
from  further  consideration  due  to  a high  natural  abundance  and,  therefore, 
higher  cost,  and  rhenium  was  eliminated  based  on  its  short  half-life  and 
the  interference  by  other  elements  in  the  resolution  of  the  rhenium 
signal.  Iridium  was  selected  for  use  as  the  trace  element  by  EERL  for 
the  following  reasons: 

a.  "The  amount  of  iridium  required  minimizes  the  mass  that  must  be 
added  to  the  traced  sediment  and,  therefore,  would  least  affect  particle 
settling  characteristics." 

b.  "The  limit  of  detection  for  iridium  is  a factor  of  two  lower 
than  that  for  rhenium." 

c.  "The  74.37  day  half-life  permits  examination  of  neutron  acti- 
vated samples  at  significantly  long  post-irradiation  time  without  sig- 
nificant reduction  in  signal  due  to  radioactive  decay." 

The  abundance  of  iridium  determined  to  occur  naturally  in  the  study  area 
is  5 X 10~^*^  grams  of  iridium  per  gram  of  dry  sediment. 

SEDIMENT  TAGGING  AND  INTRODUCTION  TO  TEST  AREA 

The  iridium,  approximately  22  pounds  (9.9  kg),  was  purchased  in  the 
form  of  a metal  powder  and  subsequently  converted  to  a soluble  iridium 
salt.  The  soluble  salt  was  then  surface  adsorbed  to  21,729  pounds  (9.86 
X 10^  grams)  of  sediment  previously  dredged  from  Mare  Island  Strait  by 
the  Navy  and  deposited  in  a land  disposal  site.  The  resulting  abundance 
of  iridium  in  the  tagged  sediments  was  approximately  1.01  x 10”^  gram 
of  iridium  per  gram  of  dry  sediment. 

The  chemical  and  physical  properties  of  the  sediment  from  the  land 
disposal  site  were  Investigated  and  found  to  be  essentially  the  same  as 
those  of  sediments  taken  from  dredge  hoppers  during  a previous  dredging 
of  Mare  Island  Strait. 
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A total  of  8,169  gallons  (30. 9m^)  of  tagged  sediment  in  5-gallon 
cans  and  55-gallon  drums  was  placed  aboard  the  Corps  dredge,  CHESTER 
HARDING,  in  February  1974.  The  dredge  is  shown  in  Figure  5. 

The  injection  of  tagged  sediments  began  on  19  February  1974  and 
continued  until  30  March  1974.  The  dredge  worked  continuously  24  hours 
per  day  for  12  days,  followed  by  a 2-day  lag.  A total  of  706  dredging 
cycles  were  made  during  the  35  dredging  days.  The  dredged  area  and  the 
disposal  site  are  shown  in  Figure  6.  Tagged  sediments  were  introduced 
during  all  tidal  conditions. 

The  volume  of  sediments  carried  in  the  dredge  hoppers  was  calcu- 
lated during  nine  cycles.  The  measurements  were  taken  at  the  beginning, 
the  middle,  and  at  the  end  of  the  dredging  period.  The  data  is  reported 
in  Appendix  C,  Water  Column.  The  volume  of  sediment  transported  in  one 
cycle  is  based  on  analysis  of  samples  of  sediment  entering  the  hoppers 
and  vessel  displacement.  The  following  describes  the  sediment  values 
used  and  the  calculation  of  the  total  weight  and  volume  of  sediments 
dredged  from  the  Strait  during  the  injection  period: 

(1)  In-situ  volume  of  2,300  cubic  yards  of  sediment  carried 
per  cycle 

(2)  Density  of  solids  and  water  = 1.3  grams/cubic  centimeter 
(g/cc) 

(3)  Density  of  solids  = 2.75  g/cc 

(4)  Density  of  salt  water  = 1.025  g/cc 

(5)  Absolute  volume  of  solids  = 15% 

(6)  Density  of  solids: 

(2.75  g/ cc) (7 .646x10^  cc/yd^) 

(4.5359  X 10“^  g/lb)(2,240  Ib/long  ton)  = 2.069  long  tons/yd^ 

(7)  Total  dry  weight  of  dredged  sediments: 

(2,300  yd^/load)(0.15)(2.069  tons/yd^) (706  loads)  = 

503,946  long  tons 

say  504,000  long  tons 

(8)  Volume  of  in-sltu  dredged  sediments: 

(2,300  yd^/load) (706  loads)  = 1,623,800  yd^ 

say  1,624,000  vd^ 

Thus,  with  9,900  grams  of  iridium  added  to  the  504,000  long  tons  (5.12  x 
10^^  grams)  of  dredged  sediments,  the  abundance  of  iridium  in  the  dredged 
sediment  was  1.95  x 10“®  grams  of  iridium  per  gram  of  dry  sediment. 
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CORPS  OF  ENGINEERS  HOPPER  DREDGE 
CHESTER  HARDING 


FIGURE  5 


FIGURE  6 
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Addition  of  the  tagged  sedj..,.2nts  to  the  hoppers  was  always  accom- 
plished after  leaving  the  channel  to  avoid  contamination  of  Mare  Island 
Strait  by  hopper  overflow.  The  tagged  sediments  were  added  using  water 
pressure  injection  through  standpipes  located  in  each  hopper.  A more 
detailed  description  of  the  tagged  sediment  addition  is  contained  in 

Inclosure  1.  ! 

I 

] 

SEDIMENT  SAMPLING 

To  quantify  the  deposition  and  circulation  of  dredged  sediment,  a : 

high  percentage  of  tagged  sediment  must  be  accounted  for  during  each  of  ; 

the  sampling  periods.  For  this  reason  a sampling  area  encompassing  the  , 

maximum  limits  of  circulation  of  the  tagged  dredged  sediment  was  desir-  ' 

able.  Prior  studies  by  the  Corps  of  Engineers  and  Krone  (2,15)  indi-  ! 

cated  that  the  majority  of  the  dredged  sediment  released  at  the  Carqulnez 
Strait  disposal  site  would  remain  in  an  area  encompassed  by  San  Pablo 
Bay,  Carqulnez  Strait,  Mare  Island  Strait  and  Sulsun  Bay  during  a one- 
year  period.  In  addition,  special  samples  were  taken  to  expand  the 
interpretation  of  sediment  movement  in  the  study  area. 

Methodology . A number  of  sampling  methods  were  Investigated  for 
possible  use.  The  investigation  included  random  sampling,  bias  sampling 
(fixed  station),  grid  bias  and  grid  random  sampling.  Each  of  these 
methods  have  advantages  and  disadvantages  associated  with  them. 

The  grid  sampling  method  with  bias  sampling  was  selected  for  the 
tracing  program  since  it  would  allow  a time  history  of  dredged  sediment 
abundance  at  each  sampling  station  to  be  calculated.  Random  sampling 
provides  a statistical  approach;  however,  sampling  emphasis  cannot  be 
given  to  any  particular  area,  such  as  dredged  channels  or  known  shoaling 
areas,  for  fear  the  data  may  become  biased. 

The  grid  size  is  very  important  because  it  is  assumed  that  each 
grid  is  uniform  throughout.  Depending  on  the  bottom  characteristics, 
the  uniformity  assumption  may  lead  to  faulty  results  when  trying  to 
interpolate  between  sampling  stations.  Hence,  care  was  taken  in  selec- 
ting the  grid  size  and  orientation.  However,  emphasis  does  not  have  to 
be  placed  on  grid  uniformity  if  a more  valid  assumption  of  distribution 
of  material  can  be  made.  The  grid  method  also  permitted  an  assignment 
of  relative  importance  to  different  areas  by  designation  of  smaller 
grids  within  the  larger  grids.  Bias  sampling  was  conducted  within  the 
grids  and  involved  sampling  the  same  location  within  a grid  for  each 
sampling  period. 

Figure  7 shows  the  grid  system  established  for  the  study  area.  The 
basic  grid  system  consists  of  grids  1.1  nautical  miles  square  and  is 
oriented  58  degrees  east  of  north.  Each  basic  grid  was  further  sub- 
divided into  a minor  grid  (shown  in  Figure  7)  with  0.11  nautical  mile 
square  grids.  Using  the  grid  bias  sampling  method,  grid  uniformity  is 
not  required.  However,  to  create  an  actual  grid  sediment  budget  for  the 
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study  area  tlie  j’rid  uniformity  assumption  is  required.  The  primary 
factor  in  determining  grid  uniformity  for  the  sampling  program  was 
uniformity  in  bottom  bathymetry  within  the  grid.  The  grid  system  was 
oriented  to  give  the  maximum  bottom  uniformity  to  each  grid.  Where  the 
bottom  bathymetry  within  a grid  is  highly  non-uniform  such  as  in  dredged 
channels,  grids  were  designated.  Conversely,  where  the  bottom 

bathymetry  is  uniform  over  large  areas,  such  as  the  large  shallows  area 
in  north  San  Pablo  Bay,  grids  were  designated. 

The  rationale  for  orientation  of  the  grid  system  and  selection  of 
actual  sampling  locations  can  be  seen  in  a comparison  of  the  grid  system 
and  sampling  stations  in  Figure  7 with  Smith's  (9)  historical  shoaling 
data  in  Figure  4.  Where  the  contours  are  far  apart,  there  are  few 
sampling  stations;  where  contours  are  closer  together,  sampling  stations 
are  more  concentrated. 

Thus,  planning  for  the  sampling  operation  included  later  calcula- 
tion of  grid  sediment  volumes  if  the  uniformity  of  dredged  sediment 
distribution  within  the  grids  could  be  demonstrated.  However,  the  pri- 
mary objective  of  determining  the  extent  of  long-term  dispersal  of 
dredged  sediments  could  be  determined  from  the  time-histories  of  dredged 
sediment  abundance  at  each  sampling  station  since  the  sampling  stations 
covered  the  entire  study  area. 

Samples  were  taken  at  the  midpoint  of  each  designated  grid  once  per 
sampling  period.  A total  of  111  sampling  locations  (shown  on  Figure  7) 
were  established  in  the  study  area.  Sampling  locations  were  located  in 
the  deep  waters  of  Carquinez  Strait;  however,  due  to  an  inability  to 
penetrate  the  hard  bottom  at  several  locations  with  the  sampling  equip- 
ment, limited  sampling  was  conducted.  Sampling  periods  were  designated 
monthly  due  to  the  ability  of  the  sampling  boat  to  sample  approximately 
five  locations  per  day.  The  first  sampling  month,  March  1974,  was 
divided  into  two  periods  by  sampling  approximately  50  locations  twice 
during  the  month.  This  increased  the  time  resolution  on  sediment 
transport  from  the  disposal  sltr . The  remaining  sampling  periods  oc- 
curred monthly  from  April-December  1974  and  included  sampling  of  ap- 
proximately 100  locations  per  month. 

Collection.  Horizontal  control  for  the  sampling  program  was 
provided  by  three-point  sextant  triangulation,  and,  where  the  water  was 
shallow,  sampling  locations  were  marked  by  stakes.  The  accuracy  of  the 
horizontal  location  of  sampling  points  was  estimated  to  be  on  the  order 
of  50  feet,  except  for  staked  locations.  The  depth  of  the  top  of  the 
samples  was  referenced  to  mean  lower  low  water  datum  by  staff  gages 
located  at  various  points  in  the  study  area  close  to  the  sampled  loca- 
tions. The  accuracy  of  the  depth  control  was  estimated  to  be  +6  inches. 
At  staked  locations  depth  control  was  very  accurate;  however,  at  un- 
staked locations,  depth  estimates  were  made  based  on  the  time  the  sample 
was  taken  during  the  tidal  cycle  and  a depth  control  of  +6  inches  was 
probably  rot  attained. 
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The  sampling  program  was  conducted  using  a modified  World  War  II 
landing  craft  medium  (LCM) . The  cargo  deck  of  the  LCM  was  modified  with 
a well  through  the  deck  and  hull.  A double  "A"  frame  was  positioned 
above  the  well  for  raising  and  lowering  of  the  sampling  equipment 
through  the  well.  A picture  of  the  sampling  boat  and  the  well  through 
the  deck  and  hull  are  shown  in  Figure  8. 

Several  sampling  methods  were  investigated,  including  grab  samplers 
gravity  samplers,  box  samplers  and  push  tube  cores.  The  need  for  a 
specific  surface  area  and  vertical  Integrity  dictated  the  use  of  the 
push-tube  vertical  core  sampling  method  for  bottom  sampling.  This 
method  uses  a 4-lnch  pipe  casing  in  which  a 2-1/8-inch  ID  steel  push- 
tube  barrel  is  inserted.  The  pipe  casing  is  lowered  to  the  bottom  from 
the  surface  and  provides  a readily  available  elevation  reference  and 
reentry  into  the  same  hole.  The  push-tube  barrel  with  acrylic  liner  is 
then  inserted  into  the  pipe  casing  and  pushed  into  the  sediment  to 
obtain  a core  sample.  Core  samples  up  to  30  inches  in  length  could  be 
taken;  however,  20-inch  samples  were  normally  taken  to  insure  Inclusion 
of  the  top  layer  of  sediment.  Five  core  samples  were  normally  taken  at 
each  sampling  location.  Each  sample  was  logged  and  labeled  and  stored 
for  subsequent  processing.  The  nomenclature  used  to  describe  the 
sediments  in  each  core  log  was: 

a.  "Fluff"  - very  fine  particles  suspended  in  the  top  layer  of 
the  sample. 

b.  "Active"  - most  recently  deposited  sediments  believed  to  be 
easily  resuspended  by  wave  and/or  current  action. 

c.  "Inactive"  - sediments  believed  to  move  rarely,  if  ever. 

A sample  log  and  description  of  the  labeling  process  is  described  in 
Inclosure  1.  A picture  of  various  samples  in  the  acrylic  tube  liners  is 
shown  in  Figure  9. 

Processing.  The  daily  collection  of  samples  was  taken  from  the 
sampling  boat  and  stored  at  Mare  Island  Shipyard  for  subsequent  shipment 
to  the  SRI  (under  contract  to  EERL)  processing  area  at  Camp  Parks,  near 
Dublin,  CA. 

Prior  to  commencing  sampling  operations,  there  was  general  agree- 
ment among  consultants  and  literature  that  the  dispersed  dredged  sed- 
iment would  be  concentrated  in  the  top  1 inch  of  sampled  sediments.  To 
obtain  a sufficient  volume  of  sediment  for  processing  the  top  1 inch, 
five  samples  were  taken  at  each  station.  Subsequent  sample  Increments 
were  processed  at  four-inch  intervals,  based  on  a minimum  of  sediment 
for  processing.  Nine  inches  was  selected  as  the  depth  of  processing  to 
include  all  dredged  sediments,  and  certain  samples  were  processed  to 
greater  depths  to  insure  accuracy  of  the  mixing  theory. 
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The  top  one  inch  of  sediment  from  each  of  the  five  tubes  from  a 
particular  location  was  removed,  dried,  and  the  weight  of  dry  sediment 
recorded.  The  remaining  sediments  in  one  of  the  five  tubes  was  then 
selected  for  further  processing,  and  the  sediments  were  carefully  re- 
moved in  4-inch  increments.  Each  of  these  4-inch  increments  was  also 
dried  and  the  weight  recorded.  The  remaining  four  tubes  were  stored  for 
possible  future  use. 

Ihe  five  1-inch  increments  were  combined  into  one  sample  and  ground 
and  passed  through  a 20-mesh  sieve.  These  increments  were  combined  to 
produce  a sample  large  enough  to  extract  a 50-gram  aliquot.  The  4-inch 
increments  were  also  ground  and  passed  through  the  mesh.  For  identifi- 
cation purposes,  the  top  1-inch  samples  were  labeled  as  layer  "A"  and 
the  subsequent  4-inch  samples  were  labeled  layers  "B,"  "C,"  "D," 
etc . 


A 50-gram  aliquot  was  selected  from  each  incremental  layer  for 
determination  of  iridium  content.  The  Iridium  content  of  each  aliquot 
was  determined  using  a fire  assay  process.  Fire  assay  is  a process  used 
in  the  assay  of  ores  for  noble  metals.  In  this  process,  finely  divided 
ore  is  mixed  with  lead  oxide,  a reducing  agent,  and  fluxing  materials. 
The  mixture  is  heated  until  it  melts,  and,  upon  melting,  separates  into 
two  liquid  phases.  The  ore  stays  on  top  in  a slag  phase,  and  the  noble 
metals  and  a few  other  elements  in  the  heavy  metallic  phase  on  the 
bottom,  llhen  the  mixture  cools,  the  slag  and  the  noble  metals  are 
separated  and  the  slag  is  discarded.  The  noble  metals  are  then  formed 
into  a right  cylinder  and  sealed  in  an  aluminum  tube  for  neutron  acti- 
vation. 

The  irradiation  of  the  encapsulated  metals  was  performed  at  the 
General  Atomic  TRIGA  Mark  III  reactor  at  the  University  of  California, 
Berkeley.  After  an  adequate  decay  period,  the  irradiated  samples  were 
taken  to  SRI's  Camp  Parks  facility  for  gamma  ray  counting  and  deter- 
mination of  iridium  content.  The  sample  processing,  irradiation,  and 
iridium  content  determination  is  explained  in  greater  detail  in  Inclo- 
sure 1. 

With  the  weight  of  iridium  in  a sample  known,  the  grams  of  Iridium 
per  gram  of  dry  sediments  (g  Ir/g),  Sir,  was  determined  and  the  per- 
centage of  dredged  material  in  a sample  was  calculated  as  follows: 

percent  dredged  material  = Slr-Bkg 

X 100  (1) 


where : 


Bkg  = naturally  occurring  iridium  in  study  area  sediments  plus 
iridium  in  fire  assay  chemicals  = 3.16  x 10“^^  g IR/g 

Dj.  = abundance  of  Iridium  in  the  released  dredged  sediments 
= 1 .95  X 10”8  g Ir/g 
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sir  and  percent  dredged  material  was  calculated  for  each  sample  increment 
for  all  sampled  locations.  The  numerical  results  of  sample  processing 
for  the  111  sampling  locations  in  the  study  area  by  sampling  period  is 
displayed  in  Inclosure  2 and  the  results  for  stations  53  and  71  are 
shown  in  Figure  10.  In  the  data  sheets  the  first  two  lines  give  the 
coordinates  of  the  sample,  the  hole  number,  and  the  general  area  of  the 
sampled  hole.  The  third  line  gives  the  date  the  samples  were  taken  and 
the  fourth  line  lists  the  depth  of  the  top  of  sediments  below  Ml.LW  in 
feet.  The  next  three  lines  give  the  thickness  in  inches  of  the  fluff, 
active,  and  inactive  layers,  as  recorded  on  the  core  log  sheets. 

The  remaining  information  on  the  data  sheets  pertains  to  particular 
samples  and  increments  of  each  sample.  Sample  A represents  data  from 
the  combination  of  the  top  one  inch  of  sediments  from  all  five  cores 
taken  at  a particular  location  on  one  date.  The  remaining  sample 
names,  B,  C,  D,  etc.,  represent  data  from  subsequent  A-inch  Increments 
of  sediments  from  one  of  the  five  cores.  The  number  opposite  Sample  A, 
Sample  B,  etc.,  is  the  capsule  number  assigned  to  the  aluminum  container 
which  was  Irradiated.  The  data  in  Inclosure  2 shows  that  only  layers  A, 
B,  and  C were  consistently  processed  and  deeper  layers  processed  inter- 
mittently . 

As  discussed  earlier,  the  percentage  dredged  material  displayed  for 
each  sample  in  Inclosure  2 was  derived  by  dividing  the  measured  Iridium 
abundance  in  the  sample  (less  the  background)  by  the  theoretical  iridium 
abundance  in  the  dredged  sediments,  assuming  that  the  iridium  was 
uniformly  fixed  to  the  tagged  sediments  and  the  tagged  sediments  were 
uniformly  mixed  in  each  hopper. 

Several  values  of  percent  dredged  material  in  the  initial  sampling 
periods  were  greater  than  100  percent.  This  resulted  from  either  non- 
uniform  mixing  of  the  tagged  sediments  with  the  dredged  sediments  and/or 
from  the  rehandling  of  previously  dredged  sediments  (returning  to  the 
Strait)  in  the  hoppers. 

Special  Samples.  In  addition  to  the  samples  taken  at  regular 
intervals  in  the  study  area,  other  sediment  samples  were  taken  in  an 
attempt  to  further  define  the  dredged  sediment  circulation.  These  addi- 
tional samples  were  taken  from  the  hoppers  of  the  dredge  during  the 
February-March  1974  and  October-November  1975  dredging  cycles,  from 
selected  shoaling  areas  in  Central  and  South  Bays  indicated  on  Figure 
11,  and  from  10  cross  sections  of  Mare  Island  Strait  shown  on  Figure  12. 

The  purpose  of  taking  hopper  samples  was  to  determine  if  the  dredge 
was  rehandling  previously  dredged  sediment  and  to  estimate  the  return  of 
tagged  sediments  to  the  dredged  channel.  The  hopper  samples  taken 
during  the  February-March  1974  dredging  were  collected  on  every  tenth 
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Figure  10 


bampled  Locations  in  Central  and  South  Bays 


FIGURE  11 
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Mare  Island  Strait  Cross  Section  Stations  and  Channel  Sections 


dredging  cycle  and  prior  to  the  introduction  of  iridium  into  the  hoppers. 
The  samples  were  taken  by  dipping  a plastic  container  into  the  sediments 
in  the  hopper.  A picture  of  the  hopper  sampling  operation  is  shown  in 
Figure  13.  The  samples  taken  on  30  October  1975  were  taken  by  lowering 
a bucket  into  the  hopper  and  sampling  sediments  coming  into  the  hopper 
via  the  chute.  The  samples  were  subsequently  placed  in  plastic  con- 
tainers. All  samples  were  carefully  taken  to  avoid  iridium  contamina- 
tion. All  hopper  samples  were  dried,  fire  assayed,  and  processed 
similar  to  the  study  area  samples.  The  results  of  the  hopper  sampling 
in  February-March  1974  are  presented  in  Inclosure  2 and  on  30  October 
1975  in  Table  3. 

Sampling  of  shoaling  areas  in  Central  and  South  Bays  was  to  de- 
termine if  the  dredged  sediments  released  in  Carquinez  Strait  contri- 
buted significantly  to  shoaling  in  these  areas.  Samples  were  taken  at 
20  locations  (Figure  11)  from  September  to  December  1974.  These  samples 
were  processed  the  same  as  the  study  area  samples  and  the  results  are 
presented  in  Inclosure  2. 

The  purpose  of  sampling  along  cross  sections  of  Mare  Island  Strait 
(Figure  12)  was  to  determine  the  extent  of  movement  of  dredged  sediments 
back  into  the  Strait  prior  to  the  fall  dredging  of  the  Strait  from  20 
September  - 30  October  1974.  In  late  August  1974,  30  core  samples  were 
taken  along  10  cross  sections  of  the  Strait.  These  samples  were  sub- 
divided into  two  equal  sections  per  tube,  homogenized,  and  a 50-gram 
aliquot  taken  from  each  section  for  analysis.  The  length  of  the  sample 
was  30  inches;  hence,  each  section  represented  a 15-inch  layer  of  sedi- 
ments. At  most  locations  only  a 30- inch  sample  was  taken.  At  several 
locations  two  successive  samples,  representing  a 60-inch  depth  of  sedi- 
ments, were  taken.  The  results  of  analysis  of  the  cross  section  samples 
are  shown  in  Inclosure  2.  The  successive  15-inch  sample  sections  have 
b<^cn  identified  as  layers  B,  C,  D,  and  E. 


Table  3 


HOPPER  SAMPLING  RESULTS  FROM 
OCTOBER-NOVEMBER  1975  DREDGING 


Date 

Time 

Location 

(Channel 

Section^-^) 

Percentage 

Dredged 

Material 

10/30 

AM  (1136) 

E 

1.29 

10/30 

AM  (1143) 

E 

1.60 

10/30 

AM  (1147) 

F 

2.69 

10/30 

PM  (1240) 

E 

6.77 

10/30 

PM  (1246) 

D 

1.60 

1/  Figure  12  shows  the  channel  sections. 
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HYDROLOGIC  AND  CLIMATIC  CONDITIONS 


Prior  to  analysis  of  the  tracer  program  data,  information  on  fresh- 
water inflow  to  the  study  area  through  Carquinez  Strait  and  wind  condi- 
tions occurring  during  the  timeframe  of  the  data  collection  are  doc- 
umented and  discussed.  Many  other  environmental  factors  were  no  doubt 
involved  in  determining  the  overall  circulation  of  dredged  sediments; 
however,  freshwater  inflow  and  wind  in  addition  to  tides  are  generally 
recognized  as  important  variables  in  generalizing  on  sediment  deposi- 
tion, suspension,  and  circulation. 

Figure  14  shows  the  freshwater  inflow  through  Carquinez  Strait  for 
1974.  As  seen  in  the  figure,  a relatively  high  flow  of  approximately 
76,000  cfs  was  experienced  during  March  with  a peak  flow  of  244,000  cfs 
in  April.  For  the  remainder  of  the  sampling  periods  an  average  flow  of 
approximately  28,000  cfs  was  estimated  with  another  peak  flow  of  43,000 
cfs  occurring  in  early  December. 

The  fluctuation  of  freshwater  inflow  to  the  study  area  caused 
significant  differences  in  the  location  of  the  salt  water  wedge. 
Definition  of  the  approximate  location  of  the  saltwater  wedge  during  the 
disposal  operations  of  February-March  1974  was  determined  by  the  Bureau 
of  Reclamation  (BOR)  in  a study  of  the  "entrapment  zone"  (18).  This 
zone  was  defined  as  a region  of  high  suspended  solids  concentration. 

The  buildup  of  high  suspended  solids  is  due  to  saline  bottom  (upstream) 
currents  transporting  suspended  sediments  along  the  channel  bottom  to  an 
area  where  the  currents  are  nullified  by  the  outflowing  river  waters, 
and  vertical  mixing  of  the  bottom  sediments  and  inflowing  river  sed- 
iments occurs.  On  21  March  1974,  the  extent  of  the  entrapment  zone,  for 
a freshwater  inflow  of  65,000  cfs,  was  from  the  westerly  extent  of 
Carquinez  Strait  to  the  Benicia-Mart Inez  Bridge.  An  earlier  investi- 
gation in  September  1973,  for  an  inflow  of  10,000  cfs,  indicated  the 
trap  zone  to  be  located  in  an  area  approximately  centered  on  Pittsburg. 

Figures  15  and  16  show  wind  roses  for  the  Apr i 1-December  1974 
timeframe  recorded  by  the  Bay  Area  Air  Pollution  Control  District  at 
stations  in  Richmond  and  Pittsburg.  The  figures  also  show  an  average 
wind  speed  for  each  of  the  sampling  periods,  except  March  1974.  Re- 
corded winds  from  the  two  locations  give  an  indication  of  the  wind 
speeds  and  directions  over  the  two  largest  water  bodies,  San  Pablo  and 
Suisun  Bays,  in  the  study  area. 


_!/  The  penetration  of  salt  water  in  the  lower  water  column  into  the 
inflowing  freshwater  from  the  Delta  area. 
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TIME  (MONTH) 


PERIOD 


AVERAGE  SPEED  (MPH) 


APR 

5,4 

MAY 

7,1 

JUN 

6, a 

JUL 

7,5 

AUG 

7.3 

SEP 

6,5 

OCT 

4 6 

NOV 

3 7 

DEC 

4 6 

WIND  OBSERVATIONS  FOR  RICHMOND,  1974 


SOURCE  BAY  AREA  AIR  POULUTlON  CONTROL  DISTRICT 


period 

APR 

MAY 

JUN 

JUI- 

AUG 

SEP 

OCT 

NOV 


AVERAGE  WIND  SPEED  (MPH) 

6.1 

9.2 

9.3 

9.2 

8.4 

7.7 

5.3 

3.8 


DEC  4.6 


MIND  OBSERVATIONS  FOR  PITTSBURG,  1974 


SOURCE:  BAY  AREA  AIR  POLLUTION  CONTROL  DISTRICT 


The  two  wind  roses  show  differences  in  the  winds  for  the  two  areas, 
both  in  speed  and  direction.  These  variations  indicate  the  complexity 
of  airflow  within  tlie  study  area  and  show  clearly  the  influence  of  topo- 
graphic features  (19).  Normal  wind  flow  over  the  Bay  area  can  be  radi- 
cally distorted  in  the  very  low  levels  due  to  extremes  of  topography, 
such  as  the  low  river  valleys  extending  into  the  Bay  region  and  the 
higher  terrain,  reaching  elevations  of  1,500  feet,  surrounding  the  Bay. 
The  distortion  in  wind  flow  results  in  major  wind  streams  following  the 
lines  of  least  resistance,  such  as  the  sea  level  portions  of  the  area. 
Wlien  the  air  streams  encounter  obstacles  in  the  terrain,  the  streams 
split  tending  to  follow  the  low  areas.  In  Reference  19,  eight  basic 
wind  types  flowing  over  the  Bay  area  are  identified.  These  basic  wind 
types  are  further  broken  down  by  low  level  wind  patterns  that  result 
from  the  basic  wind  type. 

The  recorded  winds  in  Figures  15  and  16  exhibit  differences  in  the 
general  wind  flow  based  on  the  time  of  the  year.  From  April  through 
August,  the  recorded  winds  at  Richmond  and  Pittsburg  result  from  a 
general  westerly  flow  of  air  over  the  Bay  area.  From  September  through 
December,  westerly  flows  are  still  encountered,  but  they  are  about 
equally  balanced  by  northerly,  southerly,  and  easterly  flows.  Also  in 
Figures  15  and  16,  the  trend  of  strong  summer  winds  and  slower  winter 
winds  is  exhibited  in  the  average  wind  speeds. 

RESULTS 

The  large  number  of  samples  taken  and  processed  presents  a massive 
problem  in  data  display  for  analysis  purposes.  To  reduce  the  data  to  a 
manageable  form  for  display,  a weighted  average  (layers  A,  B,  and  C)  of 
percent  dredged  material  was  calculated  for  every  sampling  station  for 
each  sampling  period.  Figure  17  summarizes  this  data  in  the  form  of 
plots  of  percentage  dredged  material  versus  time  for  each  sampling  sta- 
tion within  a major  grid  (Figure  7). 

Sampling  stations  49,  68,  67,  69  and  66  are  located  in  the  major 
sampling  grid.  The  values  of  percent  dredged  material  from  these  five 
locations  vary  significantly  and  Illustrate  that,  even  though  some 
sampling  locations  in  close  proximity  to  one  another  vary  similarly, 
uniformity  of  distribution  within  the  sampling  grids  cannot  be  assumed. 
Uniform  distribution  has  been  demonstrated  to  be  an  incorrect  assumption 
for  the  spatial  separation  of  sampling  chosen  for  this  study,  because  of 
variations  in  bathymetry,  current  patterns,  sediment  transport  charac- 
teristics, and  sampling  during  random  phases  of  the  tidal  cycle  over  a 
one  month  period.  The  collected  data  will  be  used  primarilv  to  identify 
gross  changes  in  deposition  patterns  which  occurred  over  the  various 
sampling  periods. 
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Two  sampling  periods  with  a reduced  sampling  area  were  selected  for 
March  while  dredging  and  disposal  operations  were  being  performed.  The 
portions  of  the  study  area  sampled  were  tliose  closest  to  the  disposal 
site  in  San  Pablo  Bay  and  Carqulnez  and  Mare  Island  Straits. 

During  the  early  March  period,  dredged  sediments  had  dispersed 
through  the  entire  sampled  area  of  approximately  30  square  miles.  As 
shown  in  Figure  17,  very  high  percentages  of  dredged  material  were  found 
at  the  majority  of  sampling  locations.  High  percentages  were  found  in 
Pinole  Shoal  Channel,  Mare  Island  Strait,  the  northern  extent  of  the 
sampled  areas  in  San  Pablo  Bay,  and  the  northern  and  southern  margins  of 
Carquinez  Strait  as  far  eastward  as  Martinez.  The  lowest  percentages 
were  found  in  the  southern  San  Pablo  Bay  shallows,  northeast  of  Pinole 
Point  and  north  of  Dike  No.  12. 

In  the  late  March  sampling  period  the  sediments  at  the  sampled  lo- 
cations changed  significantly.  A greatly  reduced  level  of  dredged 
sediment  was  found.  The  higher  percentages  were  found  along  Pinole 
Shoal  Channel  and  the  northern  extent  of  the  sampled  area  in  San  Pablo 
Bay. 


The  changes  in  percent  dredged  sediment  from  early  March  to  late 
March  indicates  a general  dispersal  and  mixing  of  sediments  in  the 
sampled  area  and  possibly  throughout  the  study  area.  As  time  from  the 
initial  disposal  operation  increases,  the  sediments  are  dispersed  over 
an  increasing  area  and  are  found  in  smaller  concentrations  over  the 
study  area.  The  changes  from  early  March  to  late  March  show  a trend  of 
westerly  movement  of  dredged  sediments  into  San  Pablo  Bay.  In  addition, 
dredged  sediments  are  moving  back  into  the  dredged  channel  while  dredg- 
ing operations  are  in  progress. 

The  relatively  high  freshwater  inflow  in  March  (Figure  14j  and 
associated  high  sediment  inflow  could  partially  account  for  the  high 
concentrations  of  dredged  sediment  found  near  the  disposal  site  in  early 
March.  As  described  by  Krone  in  Reference  10,  the  high  freshwater 
inflow  and  sediment  load  would  increase  Interparticle  collisions  between 
the  dredged  sediment  and  inflowing  sediments  and  cause  formation  of 
"aggregates  of  cohesive  particles  where  settling  velocities  are  re- 
latively large." 


Sampling  during  April  encompassed  the  entire  study  area  and  was 
accomplished  after  cessation  of  dredging  and  disposal  operations. 
Dredged  sediments  were  dispersed  tiirougiiout  most  of  .San  Pablo  Bay, 
Carquinez  Strait,  Suisun  Bay  and  Mare  Island  Strait.  Localized  areas 
high  percentages  of  dredged  sediments  were  found  in  the  northwestern 
shallows  of  San  Pablo  Bay,  off  Pinole  Point,  and  in  the  southeastern 
siiallows  of  San  Pablo  Bay.  The  intermediately  high  percent  dredged 
sediments  areas  were  found  in  the  southern  shallows  of  San  Pablo  Bav 
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between  Pinole  Point  and  Point  San  Pablo,  the  northern  shallows  of  San 
Pablo  Bay,  Mare  Island  Strait,  Benicia  and  Martinez,  and  the  west  end  of 
Suisun  Bay. 

In  May  the  levels  of  percent  dredged  sediments  were  significantly 
lower  than  in  April  and  more  samples  showed  no  dredged  sediments.  The 
high  percentages  of  dredged  sediments  were  found  north  and  northwest  of 
Pinole  Point  and  in  a small  area  of  the  northern  San  Pablo  Bay  Flats. 

As  in  April  the  sampling  locations  with  the  higher  percentages  of 
dredged  sediments  were  concentrated  in  San  Pablo  Bay. 

There  are  several  possible  explanations  for  the  drop  in  the  level 
of  percent  dredged  sediments  from  April  to  May:  some  of  the  dredged 

sediments  left  in  the  study  area  moving  into  Central  Bay;  the  dredged 
sediments  moved  into  areas  other  than  those  sampled,  such  as  marshes  or 
wetlands,  around  the  periphery  of  the  study  area;  the  dredged  sedin.'nts 
mixed  with  other  sediments  or  were  covered  to  depths  greater  than  9 
inches.  Actual  disappearance  of  the  sediments  is  due  to  a combination 
of  the  aforementioned  reasons. 

The  predominantly  westerly  direction  of  the  wind  (Figures  15  and 
16)  in  May  creates  a long  fetch  for  the  generation  of  wind  waves  over 
the  extensive  northern  San  Pablo  Bay  shallows  and  the  eastern  Suisun  Bay 
shallows.  The  increase  in  wind  speed  from  April  to  May  would  increase 
the  ability  of  the  wind-genrated  waves  to  suspend  sediments  for  trans- 
port by  tidal  currents  to  lower  energy  areas. 

In  June,  July,  and  August  significant  reductions  in  the  levels  of 
percent  dredged  sediments  from  levels  in  April  and  May  were  observed. 

By  the  end  of  Agusut , fiver  months  after  completion  of  dredging,  very 
little  dredged  sediment  was  found  over  the  100  square  mile  study  area  in 
the  top  9 inches  of  sediments. 

Of  the  three  sampling  periods,  July  has  the  relatively  highest 
level  of  percent  dredged  sediment.  Thus,  the  decay  of  percent  dredged 
sediment  is  not  constant;  although  the  levels  seen  in  July  are  sig- 
nificantly lower  than  those  in  April  and  May.  The  levels  In  August  are 
smaller  than  those  in  any  of  the  previous  sampling  periods. 

The  absence  of  widespread,  high  concentrations  of  dredged  sediment 
in  June,  July,  and  August  can  be  attributed  to  the  relatively  high  wes- 
terly winds  generating  waves  over  the  northern  shallows  of  San  Pablo  Bay 
and  the  northeastern  shallows  of  Suisun  Bay.  These  waves  would  con- 
stantly resuspend  and  circulate  sediments  in  the  shallows,  which  con- 
stitute the  largest  portion  of  the  study  area. 

In  September  the  levels  of  percent  dredged  sediments  experienced 
were  similar  to  those  in  July.  However,  in  July  the  concentrat ions  of 
dredged  sediments  were  located  in  San  Pablo  Bay  and  very  little  in 
Suisun  Bay;  while  in  September  large  concentrations  of  dredged  sediment 
were  locatt'd  in  Suisun  Ray. 
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The  September  .sampling  was  completed  prior  to  the  fall  dredging 
cycle,  which  began  on  20  September.  The  increase  in  dredged  sediment 
found  in  September  from  that  in  August  is  not  attributed  to  reeiredging 
of  the  February-March  1974  sediments  in  Mare  Island  Strait  and  dispersal 
througli  the  study  area.  Since  Che  source  for  the  dredged  sediments 
found  in  September  was  the  same  for  June,  July,  and  August,  tlie  rt'- 
appearance  has  to  be  associated  with  factors  affecting  recirculat ic>n. 

In  Figures  15  and  16,  the  wind  pattern  for  September  shows  a shifting  of 
direction  and  reduction  in  the  speeds  from  those  in  the  May-August 
timeframe.  The  wind  direction  in  September,  although  predominantly 
westerly,  shows  a distinct  shift  towards  northerly,  southerly,  and 
easterly  directions.  The  change  in  the  wind  patterns  could  be  a partial 
explanation  of  the  reappearance  of  dredged  sediments  in  September. 

The  October  sampling,  conducted  during  dredging  operations  in  Mare 
Island  Strait  with  disposal  in  Carquinez  Strait,  revealed  a significant 
increase  in  the  levels  of  dredged  sediment  over  those  founc  in  September. 

Comparison  of  October  and  early  March,  when  dredging  operations 
were  also  being  conducted,  shows  several  similarities.  For  both  samp- 
ling periods  high  concentrations  of  dredged  sediments  were  found  between 
Pinole  and  Davis  Points  in  San  Pablo  B;:y,  along  the  channel  margins  of 
Pinole  Shoal  Channel,  in  Pinole  Shoal  Channel,  and  on  the  south  side  of 
e Carquinez  Strait  west  of  Martinez.  Late  March  is  not  similar  to  either 

early  March  or  October.  April  shows  similar  trends  in  the  higher 
concentrations  of  percent  dredged  sediments  as  seen  in  October. 

The  reappearance  of  high  concentrations  of  dredged  sediments  in 
October  can  be  attributed  to  two  causes;  the  first  is  the  estuarine 
process  of  sediment  recirculation,  and  tue  second  is  the  redre.dging  of 
tagged  sediments  from  Mare  Island  Strait  and  subsequent  dispersal  in  the 
study  area.  The  relative  importance  of  either  of  the  two  causes  on  the 
increased  buildup  in  percent  dredged  sediments  levels  from  September  to 
October  is  difficult  to  quantify.  The  quantity  of  sediment  returning  to 
Mare  Island  Strait  for  redredging  will  be  discussed  in  a subsequent 
section,  and  a change  in  the  estuarine  processes  caused  by  changes  in 
climatic  conditions  is  discussed  in  the  following  paragraph. 

In  October,  as  shown  in  Figures  15  and  16,  wind  directions  con- 
tinued to  shift  to  northerly  and  easterly  directions  with  a fu-ther 
decrease  in  average  wind  speed.  This  pattern  of  changing  direct ioi's  and 
speed  would  tend  to  increase  the  movement  of  sediments  awav  from  the 
northern  shallows  and  increase  the  deposition  rate  of  suspended  sediments, 
particularly  in  the  shallows  and  channel  margins  of  the  study  are.a.  In 
October  dredged  sediments  were  is  found  in  the  southern  and,  to  a 
limited  extent,  northern  San  Pablo  Bay  shallows,  the  channel  margins  and 
natural  channel  in  Ran  Pablo  Bay,  and  most  of  Ruisun  Ray  with  the  exci’ption 
of  the  eastern  shallows.  The  dredged  sediments  found  in  the  natural 
channels  could  result  from  tidal  currents  transporting  nc-wly  deposited 
sediments  from  the  channel  margins. 
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In  November  and  December  much  of  the  dredged  sediments  that  had 
been  located  in  September  and  October  had  disappeared.  In  November 
there  was  only  one  isolated  area,  northwest  of  Pinole  Point,  where 
percent  dredged  sediment  exceeded  4 percent.  In  December,  two  areas, 
the  northwestern  shallows  of  San  Pablo  Bay  and  hole  111  in  Carquinez 
Strait,  exceeded  4 percent. 

In  summary.  Figure  17  shows  that  dispersion  of  dredged  sediments 
after  disposal  at  the  Carquinez  disposal  site  was  very  rapid.  During 
the  dredging  operation,  dredged  sediments  make  up  a large  percent  of  the 
total  sediment  in  and  around  the  disposal  site,  including  dredged 
sediments  that  had  re-entered  the  dredged  channel.  After  the  completion 
of  dredging  operations  at  Mare  Island  Strait,  dredged  sediments  were 
found  dispersed  (in  April)  over  a 100  square  mile  area  including  San 
Pablo  Bay,  Carquinez  Strait  and  Suisun  Bay.  Localized  areas  were  found 
in  San  Pablo  Bay  of  high  percentages  of  dredged  sediments.  In  May  and 
June  the  dredged  sediments  located  in  the  study  area  decreased  sig- 
nificantly. By  August,  five  months  after  completion  of  dredging,  little 
evidence  of  dredged  sediment  was  found  in  sampled  sediments  over  the 
study  area.  However,  in  September  tagged  sediment  reappeared  in  the 
sampled  sediments.  In  October  dredged  sediments  in  the  study  area 
increased  significantly  over  that  found  in  September.  By  December,  two 
months  after  the  second  dredging  cycle,  most  of  the  dredged  sediments 
had  again  disappeared  from  the  study  area. 

Horizontal  Distribution  of  Dredged  Sediments.  To  provide  a better 
feel  for  the  horizontal  distribution  (over  the  9-inch  depth  of  sediment) 
of  dredged  sediments  in  the  study  area  for  the  various  sampling  periods, 
graphical  displays  of  the  weighted  average  of  the  percent  dredged  sed- 
iment data  and  calculations  of  dredged  sediment  volumes  were  made. 

The  graphical  displays  were  produced  using  the  AUTOMAP  II  computer 
mapping  program  developed  by  the  F.nvlronmental  Systems  Research  Insti- 
tute of  Redlands,  CA.  The  program  comprises  a computer  graphic  system 
written  in  Fortran  IV  language,  which  produces  various  types  of  maps 
displaying  qualitative  and  quantitative  information.  The  initial  work 
in  keypunching  the  data  for  use  with  the  AUTOMAP  II  program  and  the 
computer  graphics  for  the  study  area  was  accomplished  by  the  Corps' 
Hydrologic  Engineering  Center  in  Davis,  CA.  The  final  updating  of  the 
data  files  and  generation  of  a complete  set  of  graphical  displays  was 
accomplished  by  the  San  Francisco  District. 

The  AUTOMAP  II  system  consists  of  three  computer  programs,  BASE 
MAP,  AREA  MAP,  and  CONTOUR/PROXIMAL  MAP,  which  generate  choropleth, 
contour  and  proximal  maps.  For  the  percent  dredged  sediment  displays 
the  BASE  MAP  was  used  to  generate  the  outline  of  the  study  area,  and  the 
CONTOUR/ PROXIMAL  MAP  program  was  used  to  generate  the  graphical  data 
within  the  study  area  boundaries.  The  CONTOUR/PROXIMAL  MAP  program 
assigns  values  for  percent  dredged  sediment  to  the  sampled  locations 
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within  the  study  area  and  then  interpolates  a value  of  percent  dredged 
sediment  for  each  grid  cell  of  ttie  geographic  matrix,  based  upon  the 
distance  anii  direction  from  t..e  assigned  number  of  sampled  locations. 
Each  grid  cell  represents  a surface  area  of  1,100  feet  by  660  feet.  The 
interpolation  icheme  uses  the  Inverse  of  the  sqviare  of  the  distance 
between  the  data  points  and  the  grid  cell  for  assignment  of  grid  cell 
values.  For  these  displays  a maximum  of  three  closest  data  points  were 
used  to  Interpolate  values  of  percent  dredged  sediment  for  each  grid 
cell. 


To  produce  the  graphical  displays  the  samples  taken  during  a 
sampling  period  were  treated  as  though  they  were  all  taken  at  the  same 
time,  even  though  they  were  actually  taken  up  to  two  weeks  apart.  Also, 
the  values  of  percent  dredged  sediment  in  Inclosure  2,  which  are  greater 
than  100  percent,  were  assigned  values  of  99  percent  for  purposes  of  the 
graphical  displays  since  values  of  greater  than  100  percent  are  theo- 
retically impossible. 

To  give  quantitative  significance  to  the  visual  displays  of  dredged 
sediment  distribution,  calculations  converting  percent  dredged  sediment 
to  an  in-si tu  volume  were  made.  Caution  should  be  used  in  considering 
the  volume  data.  As  mentioned  earlier,  accurate  grid  sediment  budgets 
cannot  be  calculated.  Therefore,  the  dredged  sediment  volumes  calcu- 
lated should  not  be  considered  as  representing  actual  volumes,  but  in 
the  relative  context  of  providing  a capability  of  assessing  changes  from 
one  sampling  period  to  another. 

The  calculations  used  the  AUTOMAP  II  program  with  an  additional 
routine  added  which  would  sum  up  the  various  values  in  the  grid  cells. 
Only  the  top  9 inches  (Layers  A,  B,  and  C)  of  sampled  sediments  were 
included  in  the  calculations,  and  the  volume  of  dredged  sediment  in  each 
layer  was  calculated  individually. 

The  calculation  of  dredged  sediment  volumes  in  the  study  area  is 
subject  to  the  following  assumptions  and  limitations: 

(1)  The  dredged  sediment  within  a grid  cell  of  the  Al’TOMAP  II 
program  is  uniformly  distributed  in  that  grid  cell,  both  horizontally 
and  vertically. 

(2)  Tlie  data  values  for  grid  cells  vary  as  the  inverse  square 
of  the  distance  from  surrounding  sampled  locations. 

(3)  The  samples  taken  during  each  sampling  period  are  assumed 
to  have  been  taken  on  the  same  tidal  cycle;  even  though  they  were  ac- 
tually taken  up  to  two  weeks  apart. 

The  conversion  of  percent  dredged  sediment  to  a quantity  of  dredged 
sediment  released  was  accomplished  by  first  multiplying  the  dry  density 
(gdry/cc^^gj.  in  Tnclosure  2)  of  each  sample  by  percent  dredged  sediment. 
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The  product  of  these  two  numbers  yields  a density  of  dry  dredged  sedi- 
ments. This  product  then  became  the  data  value  for  each  sampled  loca- 
tion, and  values  were  assigned  to  each  grid  cell  in  the  study  area  based 
on  the  contour/proximal  MAP  interpolation  scheme.  After  assigning 
values  to  each  grid  cell,  the  values  in  the  appropriate  cells  were 
summed  and  the  sum  multiplied  by  a factor  which  Included  the  volume  of 
the  appropriate  layer  (either  A,  B,  or  C)  for  one  grid  cell  and  a 
factor  to  convert  the  weight  of  dry  dredged  sediments  to  an  in-sltu 
volume  of  dredged  sediment. 

The  calculat ional  concept  is  illustrated  in  the  following  sequence: 


(2) 


where:  V = volume  of  dredged  sediment  (wet  density  = 1.3  g/cc) 

in  one  grid  cell,  yd^. 

dry  density  of  dredged  sediment  from  Mare  Island 
Strait  = 0.5  g/cc 

Wg=  weight  of  dry  dredged  sediment  in  one  grid  cell  which 
was  calculated  as  follows: 


Ws=  (Rdry/'^'^wet) 

where:  Rdry^^'-'wet  ” density  of  sediments  in  a sampled  increment 

(Inclosure  2) 

% D.M.=  percent  dredged  sediment  value  for  sampled  increment 
(Inclosure  2) 


V’a=  volume  of  layer  A,  B,  or  C in  one  grid  cell. 


The  volumes  of  dredged  material  in  the  individual  grid  cells  were  then 
summed  to  provide  the  total  volume. 

Graphical  Displays.  Hie  grapliical  displays  for  the  weighted 
averages  of  percent  dredged  sediment  for  each  sampling  period  are  shown 
in  Figures  18-28.  Table  4 is  a legend  showing  the  map  symbols,  the 
range  of  percent  dredged  sediment  for  each  map  symbol,  the  percent  of 
the  study  area  covered  by  each  map  symbol  for  each  sampling  period,  and 
the  maximum  value  of  percent  dredged  sediment  for  each  sampling  period. 
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DPEO'SE  Disposal  study  • san  francisco  pay  and  estu*»v 

THL  XS  ARE  TME  LOCATIONS  OF  THE  SAMPLING  SITES 

displayed  is  the  percent  dredge  material  OPStRyPO  N 

COMPOSITE  MAP  - LAYERS  A,  B,  C. 
Early  March  Sampling  Period 
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DREDGE  Disposal  study  • san  Francisco  bay  and  estuary 

THE  XS  ARE  THE  LOCATIONS  OF  THE  SAMPLING  SITES 
DISPLAYED  IS  THE  PERCENT  DREDGE  MATERIAL  OBSERVED  'N 

COMPOSITE  MAP  - LAYERS  A,  B.  C. 
Late  March  Sampling  Period 


FIGURE  19 
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SOURCE:  BAY  AREA  AIR  POLLUTION  CONTROL  DISTRICT 
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OREDGE  OlSPOS*-  bTUOT  - SAN  FHANCiSCO  PAT  AND  E5TU*RT 
THE  XS  APE  T^'E  lOC*T  Of  T-t  San»Hv^  nG  SiTES 
CtSPLAXED  IS  THE  PERCENT  ORLOGE  ‘.-ATERiAL  OOSfR^fD  '• 

COMPOSITE  MAP  - LAYERS  A,  B,  C. 
April  Sampling  Period 
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OREDSE  DISPOSAL  STUDY  - SAN  FRANCISCO  PAT  AND  ESTUARY 
THE  AS  ARE  THE  LOCATIONS  OF  THE  SAMPLING  SITES 

displayed  is  the  percent  dredge  material  OPSERYED  in 

COMPOSITE  MAP  - LAYERS  A,  B,  C. 
May  Sampling  Period 
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DREDGE  Disposal  study  - san  francisco  ray  and  estuary 

THE  XS  ARE  THE  LOCATIONS  OF  Tm£  SAMPLING  SITES 

displayed  is  the  percent  dredge  mater  al  observed  in 


COMPOSITE  MAP  - LAYERS  A,  B,  C. 


June  Sampling  Period 
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OPtOGE  0’SPOSA.L  STUDY  - SAN  FRANCISCO  P*Y  AND  ESTUARY 

the  xs  are  The  locations  or  tme  sanipung  sites 

DISPLAYED  IS  THE  PERCENT  DREDGE  MATEH'Al  ORSERvED  in 
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COMPOSITE  MAP  - LAYERS  A,  B,  C. 
August  Sampling  Period 
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DREDGE  Disposal  study  • san  francisco  bay  and  estuary 

THE  xs  ARE  THE  LOCAT'ONS  Of  THE  SAM^l  ‘ NG  SITES 

displayed  is  the  percent  dredge  mater, al  observed  iN 

COMPOSITE  MAP  - LAYERS  A,  B,  C. 
December  Sampling  Period 
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Figures  18-28  (qualitative  display)  sliow  essentially  the  same 
information  as  Figure  17  (quantitative  display),  except  that  each 
sampling  period  is  displayed  separately,  which  makes  easier  visual 
perception  of  the  horizontal  distribution  of  dredged  sediments  within  a 
sampling  period  and  comparison  of  the  various  sampling  periods.  Figure 
29  plots  information  on  the  percentage  of  the  studv  area  covered  by 
various  map  symbols  for  each  sampling  period  presented  in  Table  4.  The 
percentage  dredged  sediment  values  are  broken  down  into  four  ranges,  0- 
0.5%,  0.5-4%,  4-8%,  and  >8%,  for  ease  in  visual  perception.  The  early 
and  late  March  sampling  periods  were  not  plotted,  due  to  their  limited 
sampling  area.  Straight  lines  were  used  to  connect  points  in  Figure  29, 
because  the  actual  variation  betvyeen  sampling  periods  is  not  known. 

Figure  29  shows  that  as  time  increases  from  dredged  sediment  dis- 
posal, the  percentage  of  the  study  area  having  very  low  values  (0-0.5%) 
of  percent  dredged  sediment  increases  until  a peak  is  reached  in  August. 
The  other  ranges  of  percent  dredged  sediment  decrease  to  a low  in 
August.  This  illustrates,  as  also  shown  in  Figure  17,  that  a large 
amount  of  dredged  sediments  are  concentrating  in  October  after  essen- 
tially disappearing  from  the  top  9 inches  of  sediments  in  the  study  area 
during  the  May-August  periods.  In  November  and  December  the  levels  of 
percent  dredged  sediment  show  a reduction  from  those  in  October. 

Dredged  Sediment  Volumes.  Dredged  sediment  volumes  for  the  study 
area  were  calculated  for  layers  A,  B,  and  C for  the  Aprll-December 
sampling  periods  to  gain  further  insights  and  to  compare  the  relative 
differences  in  levels  of  percent  dredged  sediment  (displayed  on  Figures 
20-28)  found  in  specific  parts  of  the  study  area.  Volumes  were  calcu- 
lated for  the  total  study  area,  San  Pablo  Bay,  Suisun  Bay,  and  Carquinez 
and  Mare  Island  Straits.  The  total  volumes  (including  layers  A,  B,  and 
C)  for  each  of  these  areas  is  shown  in  Table  5.  The  volumes  calculated 
for  each  area  for  layers  A,  B,  and  C are  given  in  Inclosure  3. 

Comparison  of  the  volumes  in  Table  5 for  the  various  areas  is 
difficult  because  of  the  difference  in  size  of  the  various  areas. 

Figure  30  is  a plot  of  the  variation  in  dredged  material  volume  for  each 
area  by  sampling  period.  The  data  is  plotted  on  a volume/area  (cubic 
yards/square  mile)  basis  for  ease  of  comparison.  Inspection  of  the 
various  plots  in  Figure  30  shows  that,  on  an  area  basis,  the  deposition 
of  tagged  sediments  during  April  is  almost  twice  as  high  in  Suisun  Bay 
as  it  is  in  other  parts  of  the  study  area  where  deposition  is  about 
equal.  All  areas  show  decreases  in  May  with  Suisun  Bay  having  the 
largest.  In  June  and  July  Carquinez  Strait  and  Suisun  Bay  both  show  low 
levels  of  dredged  material.  Mare  Island  Strait  and  San  Pablo  Bay  both 
show  relatively  low  volumes/area  in  June;  however,  both  show  increases 
in  July. 


AREA  BY  PERCENT  DREDGED  MATERIAL  VALUES 


SAMPLING  PERIOD  FIGURE  29 
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A low  level  of  dredged  nuiterial/area  appears  throughout  the  study 
area  during  the  August  sampling  period.  During  September  the  volume/ 
area  decreases  in  Mare  Island  Strait  and  increases  significantly  in 
Carquinez  Strait,  Suisun  Bay,  and  San  Pablo  Bay.  The  October  sampling 
period  shows  relatively  high  volume/area  values,  particularly  in  San 
Pablo  Bay,  to  a lesser  extent  in  Mare  Island  Strait,  a slight  increase 
over  September  in  Carquinez  Strait,  and  a reduction  from  Se]  tember  in 
Suisun  Bay.  In  November  and  December  the  volume/area  values  for  all 
four  areas  drops  down  to  what  would  appear  a residual  value  similar  to 
the  June,  July,  and  August  values.  The  exception  is  a rather  sharp 
increase  in  Carquinez  Strait  in  December. 

Calculatior  of  dredged  material  volumes  was  also  made  of  twelve 
sections  based  on  bottom  bathymetry.  The  sections  had  water  depths  in 
one  of  three  depth  ranges:  0-6  ft  MLLW,  6-18  ft  MLLW,  and  • 18  ft  MLLK. 

The  three  depths  were  chosen  to  categorize  the  sections  into  shallow 
depth  areas  (such  as  mudflats),  channel  margins,  and  channel  areas.  The 
breakdown  of  the  study  area  into  the  various  section  is  shown  in  Figure 
31.  Along  with  the  map  symbol  for  each  section  on  Figure  31  is  the 
section  number,  the  depth  range  of  the  section,  and  the  percent  of  study 
area  the  sections  covers.  The  total  volumes  calculated  for  each  section 
by  sampling  period  is  shown  in  Table  6.  A detailed  breakdown  of  these 
calculations  for  layers  A,  B,  and  C is  in  Inclosure  3. 

The  data  in  Table  6 has  been  plotted  in  Figure  32  on  a volume/  area 
basis  similar  to  Figure  30.  The  plots  in  Figure  32  show  the  areas  where 
dredged  sediments  concentrated  under  the  varying  conditions  of  the  study 
period . 
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FIGURE  32 


DREDGE  MATERIAL  VOLUME/AREA  (THOUSANDS  OF  CU.  YDS./SQ.  Ml.) 
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DREDGE  MATERIAL  VOLUME/AREA  (THOUSANDS  OF  CU.  YDS./SQ.Ml.) 
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Tn  April,  after  cessation  of  dredging,  the  areas  of  highest  c(>n- 
ceatration,  varying  from  50-70,000  yd^/sq.  mi.,  of  dredged  mater  i.al  are 
the  soutliern  shallows  of  San  Pablo  Bay  (Section  3),  a shallow  area  on 
the  .southern  side  of  Carquinez  Strait  extending  into  Sulsun  Bay  (Section 
7),  and  the  shallows  and  an  intermediate  depth  area  of  Suisun  Bay  (Sec- 
tions 9,10,11,  and  12).  The  Initial  areas  of  heaviest  deposition  of 
dredged  sediments  are  the  southern  shallows  of  San  PabJo  Ray  and  almost 
the  entire  extent  of  Suisun  Bay.  All  other  part.s  of  the  study  area  show 
almost  approximately  the  same  volume/area  value,  approximately  30,000 
ydVsq.  mi. 


In  May  and  June  dredged  sediments  decreased  throughout  the  study 
area.  In  Suisun  Bay  the  large  deposition  values  of  April  decreased 
drastically  in  May  to  a residual  value,  approximately  10,000  yd”^/sq. 
mi.,  lasting  through  the  August  sampling  period.  Through  .July  and 
August,  the  volume/area  values  remained  at  relatively  low  levels,  except 
for  the  channels  (Section  5)  and  the  northern  San  Pablo  Bay  shallows 
(Section  1)  during  July.  For  these  two  areas,  there  was  an  increase  in 
July  to  approximately  the  same  values  found  in  May.  The  increase  in 
these  two  areas  is  significant  since  these  two  areas  comprise  appro- 
ximately 67  percent  of  the  study  area. 

The  volume/area  values  for  San  Pablo  Bay  and  the  channels  showed 
increases  in  September,  and  Suisun  Bay  (Sections  9,10,11,  and  12) 
showed  a significant  increase  from  the  August  sampling.  For  Suisun  Bay 
the  values  in  September,  prior  to  the  dredging  of  the  Mare  Island 
channel,  were  the  highest,  with  the  exception  of  the  values  in  April, 
for  the  entire  study  period. 

During  October  a small  area  of  shallows  on  the  southern  side  of 
Carquinez  Strait  (Section  7),  the  channels  (Section  5),  the  northern  and 
southern  margins  of  the  channels  in  San  Pablo  Bay  (Sections  2 and  4), 
and  the  southern  shallows  of  San  Pablo  Ray  (Section  3),  experienced 
dramatic  increases  in  their  volume/area  values.  In  all  of  these  areas 
the  volume/area  values  were  higher  than  those  in  April  after  release  of 
the  tagged  sediments.  The  values  for  Suisun  Bay  dropped  back  to  similar 
levels  seen  in  the  May-August  sampling  periods. 

In  November  and  December,  all  Sections,  except  Section  1 and  7, 
show  relatively  small  volume/area  values. 

The  percentage  distribution  of  dredged  sediments  for  the  three 
depth  areas  is  shown  in  Table  7.  In  attempting  to  see  any  general 
trends  in  the  distribution  of  dredged  sediments,  the  percent  of  the 
study  area  covered  by  each  depth  range  should  be  considered  and  is  given 
as  follows: 
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Depth  Kaiiae 


Vercent  of  Study  Area 


0-6  ft 
6-18  ft 
> 18  ft 


59.5 

18.3 

22.2 


The  data  in  Table  7 shows  that  initially,  in  April,  the  largest 
percentage  of  dredged  iiiaterial  was  located  in  the  shallow  areas.  It  is 
interesting  to  note  tliat  the  distribution  of  sediments  by  percentage  in 
May  is  very  close  to  the  percentage  of  the  study  area  covered  by  each 
depth  range.  In  June  there  is  a distinct  shift  from  May  in  the  percent 
material  in  the  shallows  to  the  channel  margins.  The  distribution  for 
July  shows  an  increase  over  June  in  the  shallows,  an  increase  in  ma- 
terial in  the  channels,  and  a significant  decrease  of  material  in  the 
channel  margins.  The  pattern  of  distribution  from  April  to  July  may 
well  be  a pattern  where  dredged  material  is  widely  dispersed  over  the 
study  area  with  sediment  showing  initial  transport  to  the  large  expanse 
of  shallows,  recirculation  and  distribution  (Influenced  by  tides,  wind, 
currents,  climatic  conditions,  etc.)  to  the  channel  margins  and  channels 
with  subsequent  transport  towards  the  ocean.  This  pattern  is  seen  again 
from  August  through  October  and  the  beginning  of  another  cycle  in  November 
and  December.  Table  7 shows  the  dynamic  character  of  sediment  movement 
and  the  assimilation  of  the  dredged  sediments  into  the  system. 


TABLE  7 

Distribution  (Percentage)  of  Dredged  Material  for 
Three  Water  Depth  Ranges  By  Sampling  Period 

Depth  Ranges 


Sampl ing 
Period 

0-6  feet 

6-18  feet 

> 18  feet 

April 

15.9 

20.9 

May 

59.5 

19.1 

21.4 

June 

47.6 

31.1 

21.3 

July 

57.1 

13.7 

29.2 

August 

57.1 

22.2 

20.7 

September 

Ul.l 

26.1 

26.7 

October 

46.3 

21.4 

32.3 

November 

51.3 

25.5 

23.2 

December 

76.2 

10.4 

13.4 

j_/  Percentages 

; calculated  from  volume 

totals  in  Inclosure 

3. 
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Dredged  Sediment  Movement  to  Central  and  South  San  Francisco  Bay. 
Data  analysis  from  stations  sampled  in  Central  and  South  Bays  from 
September  to  December  1974  is  contained  in  Inclosure  2.  The  data  in- 
dicates that  tagged  sediments  were  found  in  low  concentrations  at 
several  stations.  The  stations  of  heaviest  concentration  were  located 
just  north  of  the  Richmond-San  Rafael  Bridge  (4.387),  west  of  the  island 
of  Alameda  (3.52%),  and  the  Emeryville  flats  (2.41%).  Minor  amounts 
were  found  in  the  Richmond  Harbor  channel,  the  vicinity  of  the  Berkeley 
pier,  the  Oakland  Outer  Harbor  channel,  east  of  the  San  Francisco 
airport  (sta.  142),  and  Islais  Creek  along  the  San  Francisco  waterfront. 
The  data  verifies  that  dredged  sediments  were  rat'ving  out  of  the  study 
area  into  Central  and  South  Bay,  and  that  movement  was  occurring  prior 
to  September  1974.  No  estimate  of  quantity  or  arrival  time  is  possible 
from  the  limited  data  available. 

Vertical  Distribution  of  Dredged  Sediments.  The  vertical  dis- 
tribution of  dredged  sediments  reflects  the  layering  and  mixing  of  these 
sediments  with  other  sediments  in  the  study  area.  Inclosure  2 shows 
that  analysis  of  various  samples  was  accomplished  for  sample  increments 
at  depths  greater  than  9 inches.  The  deepest  layer  analyzed  was  Layer  H 
which  extended  to  a depth  of  29  inches.  Tagged  sediments  w’ere  located 
in  Layer  H. 

« Finding  tagged  sediments  at  depths  of  approximately  2.5  feet  in- 

dicates that  sediments  are  being  mixed  either  during  deposition  or  after 
deposition.  From  the  sample  data,  vertical  mixing  of  sediments  did 
occurr  in  the  "active"  zone.  The  "active"  zone  is  that  group  of  sed- 
iments which  appeared  to  be  recently  deposited  and  could  be  easily 
resuspended,  while  the  "inactive"  zone  is  a visual  interpretation  of 
those  sediments  which  have  not  recently  moved.  In  most  instances  the 
"active"  zone  included  the  top  9 inches  of  sediments. 

The  data  for  Stations  1,3,  and  64  in  Mare  Island  Strait  sliow  sig- 
nificant quantities  of  tagged  sediments  below  Layer  C.  This  would  be 
expected  since  shoaling  of  the  dredged  channel  is  occurring,  and  depo- 
sition is  probably  occurring  in  successive  layers.  Deposition  in  the 
Strait  with  little  vertical  mixing  of  sediments  is  indicated  in  holes  1 
and  3 by  the  high  percent  dredged  material  values  in  some  layers  while 
other  layers  in  close  proximity  have  low  or  zero  values,  such  as  the 
value  of  207  in  hole  3,  Layer  G,  which  is  in  the  "inactive"  zone. 

Further  indication  of  layering  of  deposited  sediments  is  shown  in  the 
profile  sampling  data  taken  in  late  August  1974  in  Mare  Island  Strait 
where  layering  is  indicated  to  depths  of  5 feet. 

Tagged  sediments  at  depths  greater  than  9 inches  and  in  the  "in- 
active" zone  were  found  in  the  San  Pablo  Bay  shallows  and  channel  area 
and  the  channel  area  of  Carquinez  Strait,  and  relatively  little  tagged 
material  was  found  below  9 inches  in  Suisun  Bay. 
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Another  factor  which  provides  data  on  the  vertical  distribution  of 
dredged  sediments  in  terms  of  deposition  and  erosion  is  the  sampling 
depth  data  given  in  Inclosure  2.  However,  as  mentioned  earlier,  the 
problem  with  accurate  horizontal  location  of  the  sampling  boat  and  the 
vertical  control  reference  limits  deductions  from  this  data. 

Many  of  the  stations  in  shallow  areas,  however,  were  staked, 
establishing  a fixed  ampling  point.  Station  number  104  In  northern  San 
Pablo  Bay  is  used  as  an  example.  Figure  33  is  a plot  of  percent  dredged 
material  and  depth  of  water  below  mean  lower  low  water  versus  time. 
Straight  lines  are  used  to  connect  the  various  points,  since  the  actual 
variation  between  sampling  periods  is  not  knov.Ti.  As  can  be  seen  in 
Figure  33,  no  correlation  of  changes  in  sample  depth  with  changes  in 
percent  dredged  material  is  apparent. 

The  lack  of  any  correlation  is  expected  because  of  the  uneven  and 
changing  bottom  configuration,  dynamics  of  sediment  movement  and  the 
feet  that  the  dredged  sediments  are  not  the  sole  source  of  sediments  for 
the  system. 

An  important  conclusion  can  be  drawn  from  the  lack  of  correlation 
of  depth  changes  with  changes  in  percent  dredged  material . Changes  in 
the  value  of  percent  dredged  material  at  sampling  locations  are  indica- 
tive of  the  forces  circulating  and  mixing  the  dredged  sediments  with 
other  sediments  in  or  entering  the  study  area  and  do  not  represent 
shoaling. 

Graphical  Displays.  Graphical  displays  of  the  percent  dredged 
material  data,  similar  to  those  in  Figures  18-28,  were  produced  for 
layers  A,  B,  and  C for  each  sampling  period.  These  display.^  are  con- 
tained in  Inclosure  4 and  will  be  used  in  the  following  discussions. 

In  early  March  the  highest  percentages  of  dredged  material  were 
found  in  layer  A.  In  late  March  generally  higher  percentages  of  dredged 
sediment  were  found  in  layers  B and  C. 

Comparison  of  the  displays  for  layer  A for  early  and  late  March 
show  a similarity  in  the  concentration  of  higher  percentages  of  dredged 
sediment  in  the  westerly  reach  of  Pinole  Shoal  Channel  and  around  Pinole 
Point.  A large  portion  of  the  dredged  sediments  tended  to  initially 
move  westerly  through  the  natural  and  maintained  channel  seaward  towards 
the  Golden  Gate.  Comparison  of  the  layer  B and  C displays  shows  the 
sediments  to  be  dispersed  from  the  areas  of  high  concentration  near  the 
disposal  site  in  early  March  and  to  concentrate  in  an  area  northwest  of 
Dike  No.  12  and  the  northern  shallows  of  San  Pablo  Bav  in  late  Marcli. 
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The  coucLMitrat  iou  of  dredged  sediments  in  Pinole  Slioal  (diannel  and 
northern  San  Pablo  Bay  in  March  can  partly  be  attributed  to  the  l(3cntion 
of  the  salt  water  wedge.  In  early  March  the  westerly  extent  of  the 
wedge  was  located  somewhere  in  San  Pablo  Bay  (Figure  14).  On  21  March 
with  a freshwater  inflow  of  '-65,000  cfs,  the  westerly  extent  was  at  the 
western  end  of  Carquinez  Strait  (19).  The  location  of  the  wedge  in  San 
Pablo  Bay  in  early  March  would  cause  a large  buildup  of  sediment  in  the 
area  sampled  in  San  Pablo  Bay.  In  late  March  the  shift  of  the  wedge  to 
the  east  would  tend  to  cause  greater  dispersal  and  corresponding  lower 
levels  of  dredged  sediments  in  San  Pablo  Bay,  which  is  observed  in  the 
maps  in  Inclosure  4. 

The  displays  for  layers  A,  B,  and  C in  Inclosure  4 for  April  indi- 
cate approximately  the  same  values  of  percent  dredged  material  for 
layers  A,  B,  and  C.  This  data  is  summarized  in  Table  8.  This  trend, 
along  with  the  late  March  sampling  period,  shows  that  the  dredged 
sediments,  concurrent  with  dispersal  throughout  the  study  area,  are 
being  mixed  to  a large  degree  with  other  sediments,  especially  with  the 
extremely  high  inflow  of  fresh  water  (Figure  14)  and  fresh  sediments. 

The  layer  A display  for  April  shows  high  percent.iges  of  dredged 
material  north  and  east  of  Pinole  Point  and  at  the  edge  of  the  study 
area  at  San  Pablo  Strait.  The  high  values  came  from  sampling  hole  no. 
105  at  the  edge  (<  18  ft.  depth)  of  the  Pinole  Shoal  Channel  and  from 
hole  no.  95  in  Che  shallows  (•-  3 ft.  depth)  west  of  Pinole  Point.  This 
indicates  a significant  westerly  movement  of  dredged  sediments  at  the 
water-sediment  interface,  and  is  an  Illustration  of  movement  of  some 
portion  of  the  dredged  sediments  out  of  the  study  area  through  the  study 
boundary  at  the  western  end  of  San  Pablo  Bay. 

Percent  coverage  of  the  study  area  by  various  ranges  of  percent 
dredged  material  for  layers  A,  B,  and  C for  April,  May,  .August,  Sep- 
tember, and  October  arc  summarized  in  Table  8.  There  is  one  obvious 
trend  demonstrated  in  the  table.  A decrease  is  seen  in  the  number  of 
higher  values  of  percent  dredged  material  with  a corresponding  increase 
in  the  number  of  lower  values  from  April  through  .August.  In  September 
this  trend  reverses  and  further  increases  in  October. 
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]^/  Percent  of  study  area  containing  /■  dredged  material  values  within  tlie  specified  range 


In  April  extremely  high  freshwater  Inflow  (Figure  14)  brought  fresh 
sediments  to  the  study  area  and  caused  dilution  of  the  circulating  and 
deposited  dredged  sediments.  From  May  through  October  a residual  level 
of  freshwater  inflow  from  20  to  40  thousand  cfs  was  estimated.  The 
changes  observed  in  Table  8,  however,  do  not  generally  correlate  with 
changes  in  freshwater  inflow. 

A general  correlation  with  the  changes  observed  in  Table  8 is  evi- 
dent with  tlie  wind  data  in  Figures  15  and  16.  From  April  through  August 
the  recorded  winds  result  from  a general  westerly  flow  of  air  over  the 
Bay  area.  In  September  and  October  the  westerly  flows  are  balanced  by 
northerly,  southerly,  and  easterly  flows.  The  wind  speeds  in  September 
and  October  show  a significant  reduction  over  those  in  the  summer  mon- 
ths. Dispersion  and  circulation  of  dredged  sediments  by  the  summer  wind 
conditions  results  in  increasingly  low  levels  of  dredged  sediments.  The 
changing  of  wind  conditions  in  September  and  October  appears  to  recir- 
culate higher  concentrations  of  dredged  sediments  probably  from  the 
northern  and  eastern  shallows  of  San  Pablo  Bay  and  Suisun  Bay. 

Dredged  Sediment  Volumes.  Figure  34  is  a plot  of  the  total  volume 
of  dredged  material  calculated  for  each  sampling  period  versus  time 
along  with  plots  of  the  dredged  material/inch  calculated  for  layers  A,B, 
and  C.  The  per  inch  plots  makes  layers  B and  C comparable  with  layer  A. 

For  clarity,  the  various  sampling  period  volumes  are  connected  with 

straight  lines,  since  the  actual  variation  between  sampling  periods  is  « 

not  known.  The  March  sampling  period  has  been  excluded  due  to  its 
limited  sampling  area. 

The  plots  of  dredged  mater ial/ inch  for  layers  A,B,  and  C (Figure 
34)  show  interesting  comparisons.  In  April,  just  after  the  completion 
of  dredging,  layer  A has  the  largest  volume/inch.  In  May  and  June, 
layer  C has  the  largest  volume  which  indicates  same  covering  of  dredged 
sediments  with  other  sediments.  For  August,  September,  and  October, 
layer  B has  consistently  the  largest  volume  followed  by  layer  A and  C, 
suggesting  that  the  dredging  of  the  Mare  Island  channel  from  20  September 
to  30  October  was  not  the  primary  cause  of  the  increase  of  percent 
dredged  material  found  in  October  for  the  entire  study  area.  The  effect 
of  the  redredging  of  the  Mare  Island  channel  can  be  seen  in  November, 
where  layer  A has  a much  larger  volume/inch  than  either  layer  B or  C. 


79 

J 


8i 


Figures  35,  36,  and  37  are  similar  plots  to  Figure  34.  However, 
these  figures  display  volume/inch  data  for  the  three  depth  areas  0-6  ft, 
6-18  ft,  and  > 18  ft  MLLW.  As  expected,  the  highest  volume/ inch  values 

are  from  the  0-6  ft  areas  because  this  depth  range  covers  59.5  percent 
of  the  study  area.  Again  looking  at  October  and  November,  the  effects 
of  the  second  dredging  period  are  initiallv  felt  in  the  dieper  channels 
(Figure  37,  layer  A)  in  October,  with  some  subsequent  movement  in 
November  to  shallow  areas  (Figure  35  and  36).  Figure  38  shows  a plot 
for  the  three  areas  of  the  weighted  average  of  volume/inch  for  each 
sampling  period  divided  by  the  square  miles  occupied  by  the  area.  This 
figure  shows  the  relative  difference  in  th.e  tendency  for  dredged  mate- 
rial to  be  concentrated  at  various  depths.  In  April  and  May  the  effect 
of  the  high  freshwater  inflow  on  distributing  the  dredged  material  can 
be  seen.  In  June,  July,  August,  and  September  the  distribution  cf 
dredged  material  over  the  various  areas  is  fairly  uniform.  In  Oc ‘ ober 
the  distribution  of  dredged  sediments  is  much  less  uniform  with  a 
greater  tendency  for  the  sediments  to  be  found  in  the  channels  and 
channel  margins.  The  factor  which  may  have  caused  this  change  in  trend 
in  October  is  the  dredging  of  previously  dredged  sediments  in  Mare 
Island  Strait.  The  effect  of  the  dredging  in  Mare  Island  Strait  will  be 
discussed  in  the  following  section. 

Figure  38  illustrates  the  distribution  of  dredged  sediments  by 
floodflows  in  April  and  May,  circulation  and  distribution  of  sediments 
occurring  with  the  summer  climatic  conditions  from  June  to  September,  a 
redistribution  of  sediments  by  changing  climatic  conditions  in  October, 

and  significant  movement  of  sediments  out  of  the  study  area  in  the 

latter  part  of  October  (prior  to  November  sampling). 

Movement  of  Dredged  Sediment  into  Mare  Island  Strait.  To  determine 
the  efficiency  of  the  disposal  operation  at  the  Carquinez  site  for  the 
Mare  Island  channel  dredging  project,  an  estimate  for  the  percentage  of 
disposed  material  returning  to  the  dredged  channel  must  be  made.  A 

return  of  dredged  sediments  to  the  channel  can  occur  in  one  of  two  ways; 

the  sediment  can  return  immediately  after  disposal  on  a floodtide  or  by 
the  circulation  of  suspended  dredged  sediments  carried  into  the  Strait 
after  deposition  and  subsequent  resuspension  in  other  parts  of  the 
system,  such  as  Suisun  Bay,  Carquinez  Strait,  or  San  Pablo  Bay. 

Use  of  the  percent  dredged  sediment  for  only  the  top  9 inches  of 
sediments  for  estimating  the  return  of  sediments  to  the  channel  is 
somewhat  unrealistic  since  shoaling  of  the  channel,  at  certain  places, 
can  exceed  five  feet.  A better  estimate  of  return  to  the  channel  can  be 
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made  using  the  data  (Inclosure  2)  from  sampling  in  the  Strait  to  depths 
of  5 feet  in  late  August.  Table  9 shows  an  average,  standard  deviation 
and  range  for  percent  dredged  material  found  in  Layers  B,C,D,  and  E. 
Layers  B,  C,  D and  E each  represent  a layer  of  sediments  15  Inches 
thick.  The  total  depth  of  sampled  sediments,  including  all  four  layers, 
is  5 feet.  Table  9 shows  the  average  percent  dredged  material  in  each 
of  the  layers  varies  from  0.4  to  2.4%  with  the  highest  value  of  6.9% 
found  in  layer  E.  This  special  sampling  indicates  a low  return  of 
dredged  sediments  to  the  channel.  The  estimate  of  return  may  be  low  in 
that  the  sampling  may  not  have  been  deep  enough.  This  is  Indicated  by 
the  highest  percentages  being  found  in  layer  E. 

TABLE  9 

Average,  Standard  Deviation,  and  Range 
for  Values  of  Percent  Dredged  Material 
from  Profile  Samples  for  Layers  B,C,D,  and  E in  Inclosure  2 
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Layer— 

Percent  Dredged  Material 

Average 

Standard  Deviation 

Range  of  Value 

B 

0.35 

0.81 

0-3.5 

C 

0.63 

1.06 

0-4.5 

D 

0.45 

0.57 

0-1.3 

E 

2.42 

2.37 

0.7-6. 9 

1!  The 

thickness  of 

each  layer  is  15  inches. 

Samples  of  dredged  material  taken  from  the  dredge  hoppers  during 
the  February-March  dredging  (Inclosure  2)  and  analyzed  for  Iridum 
content  provide  another  indication  of  return.  The  samples  were  taken 
randomly  during  dredging  operations  from  late  February  through  late 
March  at  varying  sections  (Figure  12)  in  the  Strait  area.  Analysis  of 
the  hopper  sample  data  is  given  in  Table  10  where  the  average,  standard 
deviation,  and  a range  of  values  for  two  periods  are  shown.  The  first 
period,  23  February-29  March,  includes  all  of  the  hopper  samples  taken 
during  dredging.  The  second  period,  15-29  March,  presents  the  data  for 
the  last  portion  of  dredging.  The  data  for  late  March  was  chosen  for 
analysis  since  disposal  operations  had  been  occurring  for  approximately 
a month  and  the  sampling  during  this  period  encompassed  all  of  the 
various  areas  (Figure  12)  of  the  Strait. 
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Table  10 


Average,  Standard  Deviation,  and  Range  for 
Values  of  Percent  Dredged  Material  in  Hopper  Samples 
for  the  February-March  1974  Dredging 


Percent  Dredged  Material 


Period 

Number  of 
Samples 

Average 

Standard  Deviation 

Range  of  Values 

23  Feb  - 
29  Mar  1974 

56 

10.0 

11.82 

0-49.9 

15-29  Mar 
1974 

24 

10.5 

9.33 

0-27.0 

The  data  in  Table  10  indicates  that  approximately  10%  of  the  dredged 
sediments  were  returning  immediately  to  the  dredged  channel.  The  data 
for  the  total  sampling  period  and  the  late  March  period  have  about  the 
same  average  value;  however,  the  standard  deviation  and  range  for  the 
total  period  is  higher  than  for  late  March,  which  indicates  a more 
uniform  mixing  of  tagged  sediments  in  late  March. 

A 10%  immediate  return  of  dredged  sediments  to  the  channel,  based 
on  hopper  samples,  appears  to  be  a valid  estimate.  Prior  to  the  dredg- 
ing of  the  channel  in  September  and  October,  other  dredged  sediments, 
due  to  recirculation  processes,  returned  to  the  channel.  Sediments 
returning  to  the  channel  prior  to  dredging  in  September-October  would 
not  return  in  a greater  concentration  than  exists  in  the  study  area, 
approximately  2-4  percent.  A maximum  estimate  of  percentage  return  of 
dredged  sediments  to  Mare  Island  Strait  for  subsequent  redredging  would 
approach  15  percent. 

Support  of  the  10  percent  estimate  for  immediate  return  of  dredged 
sediments  to  the  channel  is  provided  by  the  study  of  sediment  movements 
into  Mare  Island  Strait  using  a radioactive  tracer  (15).  The  field  test 
using  the  radioactive  tracer  simulated  the  dumping  of  one  hopper  dredge 
load  at  the  Carquinez  site  when  the  lower  water  column  had  started  to 
flood  into  the  Strait,  and  the  upper  water  column  was  still  ebbing.  The 
flow  condition  selected  for  the  field  test  gave  the  most  probable  return 
of  sediments  to  Mare  Island  Strait.  The  field  study  resulted  in  a 
detection  of  5 to  15  percent  of  radioactive-labeled  sediments  deposited 
in  the  Strait.  Thus,  the  estimate  of  10  percent  Immediate  return  to  the 
Strait  agrees  closely  with  the  radioactive  tracer  data. 
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The  results  of  shoaling  tests  of  Mare  Island  Strait,  reported  in 
Reference  2,  using  the  San  Francisco  Bav  Model  also  disclosed  that  a 
relatively  small  percentage  of  released  dredged  sediments  were  re- 
entering the  Strait  immediately  after  disposal.  Tests  on  the  model 
resulted  in  5.5  percent  of  the  released  material  returning  to  Mare 
Island  Strait.  However,  the  disposal  operation  in  the  model  tests  were 
conducted  at  the  Carquinez  disposal  site  on  the  ebbing  tide  and  just 
east  of  the  entrance  to  the  Strait  on  a flooding  tide.  The  difference 
in  the  disposal  operations  does  not  provide  direct  comparison  of  the  5.5 
percent  model  result  with  the  10  percent  prototype.  However,  on  a 
qualitative  basis,  both  show  relatively  small  percentages  of  the  re- 
leased material  re-entering  the  Strait.  An  additional  difference  in  the 
prototype  tracing  test  and  the  model  test  was  the  freshwater  inflow 
during  disposal  operations.  The  model  tests  were  run  with  a Delta 
freshwater  inflow  of  16,000  cfs.  The  freshwater  Inflow  during  the 
disposal  operations  in  the  prototype  tests  varied  from  a low  of  45,000 
cfs  to  a maximum  of  140,000  cfs.  A significant  differences  in  the 
location  of  the  salt  water  wedge  probably  occurred  between  the  model  and 
prototype  tests. 

Bureau  of  Reclamation  studies  (18)  show  that  the  location  of  the 
wedge,  for  the  model  and  prototype  tests  were  quite  different,  and 
indicate  the  fluctuation  of  the  wedge  during  the  course  of  the  tracing 
operations  from  March-December  1974.  The  location  of  the  saltwater 
wedge  and  associated  high  suspended  solids  determines  the  flood  currents 
present  to  transport  sediments  into  Mare  Island  Strait.  The  location  of 
the  wedge  in  Carquinez  Strait  in  March  1974,  during  actual  disposal 
operations,  would  trap  sediments  in  Carquinez  Strait  for  longer  periods 
of  time  than  if  the  zone  were  located  in  Suisun  Bay  (as  in  the  model 
test).  This  longer  detention  rate  would  induce  a higher  percentage  of 
dredged  sediments  to  enter  Mare  Island  Strait. 

Additional  hopper  samples  taken  during  the  October-November  1975 
dredging  (Table  3)  indicate  a small  percentage  of  sediments  dredged  in 
February-March  1974  were  still  circulating  in  the  Strait.  The  data  in- 
dicates that  previously  dredged  sediments  were  found  in  the  Strait  a 
year  and  a half  after  the  initial  dredging  and  two  subsequent  dredgings, 
showing  a decay  in  the  rate  of  sediment  return. 

In  conclusion,  results  from  the  monthly  sediment  sampling  at  lo- 
cations in  Mare  Island  Strait,  sediment  sampling  along  profiles  of  the 
Strait  in  late  August  1974,  and  samples  from  the  dredge  hopper  in 
February-March  1974  indicate  a relatively  low  percentage,  "^10%,  is 
returning  immediately  after  disposal  to  the  dredged  channel.  Based  on 
the  dispersion  of  sediments  throughout  the  system  and  the  decay  rate 
of  sediments  returning  to  the  channel,  a maximum  return  is  estimated 
to  be  about  15%.  The  rate  of  return  estimated  by  shoaling  tests  on  the 


Bay  Model  and  by  radioactive  tracing  tests  provide  qualitative  and 
quantitative  agreement  with  the  rate  found  in  the  iridium  tracing 
operation. 

Shoaling  in  Small-Craft  Harbors.  In  recent  years,  a contention 
that  the  disposal  of  dredged  sediments  at  the  Carquinez  disposal  site 
increased  the  shoaling  rate  of  small-craft  harbors  on  the  south  side  of 
Carquinez  Strait  and  just  west  of  Davis  Point  has  created  controversy 
over  the  designation  of  the  Carquinez  site  as  a disposal  site.  To 
provide  a perspective  to  this  controversy,  the  marinas  located  in  this 
area  were  investigated  for  shoaling  potential  using  deposition  data 
previously  discussed.  The  marinas  considered  are  the  Rodeo,  Dowrelio, 
and  Martinez  marinas  (Figure  2). 

The  marinas  are  located  in  the  following  sections  of  Figure  31: 


Marina 

Rodeo 

Dowrelio' s 


Section  No. 
3 
5 


Martinez 


7 


Inspection  of  Figure  32  shows  that,  for  each  of  the  three  marinas, 
the  sampling  period  of  maximum  deposition  in  the  top  9 inches  of  sedi- 
ments was  October  1974.  Figure  32  also  shows  that  these  marinas  are 
located  in  high  deposition  areas,  indicated  by  the  high  deposition/area 
after  dredging  in  April  and  the  high  concentration  of  sediments  in  these 
areas  in  October.  A further  indication  of  the  tendency  for  sediment 
deposition  in  these  areas  is  that  the  marinas  are  all  located  in  areas 
of  naturally  occurring  shallow  water. 

An  estimate  of  the  shoaling  potential  for  each  of  the  marinas 
during  October  is  presented  in  Table  11.  The  estimated  volume  of 
shoaling  was  derived  by  multiplying  a corrected  material/area  value  in 
Figure  32  for  October  by  the  surface  area  of  the  particular  marinas. 
Because  of  the  inherent  over-estimation  of  the  total  volume  of  dredged 
material  accounted  for  in  Table  5,  the  corrected  volumes  in  Table  11 
were  obtained  by  adjusting  the  total  dredged  material  calculated  for 
April  (used  as  a base  for  comparison  purposes)  to  the  actual  dredged 
volume  of  1.6  million  cubic  yards.  The  depth  of  shoaling  was  calculated 
by  spreading  the  estimated  shoaling  volume  over  the  surface  area  of  the 
marinas.  The  material  was  assumed  to  be  deposited  uniformly  with  a wet 
density  of  1.3  g/cc. 
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Table  11 


Shoaling  Potential  for  Small -Craft 
Harbors  in  Carqulnez  Strait,  Apr 1 1-December  1974 


Locat ion 

Estimated 
Surface 
Area  (Mi.  ) 

Estimated 
Shoaling, 
Oct.  1974  (yd^) 

Estimated 
Depth  of  j , 

Shoaling  (in.)— 

Rodeo  Marina 

12.2x10"^ 

350 

0.3 

Dowrelio's  Marina 

6. 3xl0~^ 

95 

0.2 

Martinez  Marina 

34.1x10"^ 

805 

0.3 

V Based  on  wet  density  of  deposited  sediments  of  1.3  g/cc. 

The  estimated  depth  of  shoaling  in  the  three  marinas  for  October  Is 
less  than  an  inch.  If  depths  were  calculated  for  each  sampling  period, 
the  deposition  for  the  total  9 months  would  also  be  much  less  than  an 
inch  for  each  marina.  This  estimate  does  not  take  into  account  possible 
) erosion  of  deposited  sediments  in  the  marinas  due  to  tidal  action  and 

prop  wash  from  small  craft  traversing  the  marina  or  the  actual  condition 
(dredged  depths)  of  the  marina.  If  the  marina  had  been  recently  dredg- 
ed, the  rate  of  shoaling  in  the  marina  would  be  higher  than  if  it  had 
reached  an  equilibrium  depth  (sediments  being  resuspended  at  the  same 
rate  as  shoaling).  The  estimate  in  Table  11  assumes  that  all  dredged 
sediments  entering  the  marina  never  leave,  except  by  dredging. 

The  high  rate  of  shoaling  experienced  by  these  marinas  would  not 
appear  to  be  predicated  on  the  volume  or  frequency  of  dredged  sediment 
released  at  the  Carqulnez  site  because,  once  released,  the  dredged 
sediments  are  recirculated  by  estuarine  processes.  Rather,  the  rate  of 
shoaling  is  dependent  on  the  total  volume  of  sediments  in  circulation 
within  Suisun  and  San  Pablo  Bays,  the  difference  between  the  equilibrium 
and  actual  water  depths  in  the  marina,  and  the  location  of  the  marinas 
in  relation  to  the  fluctuating  location  of  the  salt-water  wedge. 

If  the  marina  has  recently  been  dredged  to  Increase  water  depths, 
the  estuary  will  attempt  to  re-establish  the  equilibrium  depth  by  de- 
positing sediments,  from  any  source.  As  the  equilibrium  depth  is  ap- 
proached, the  rate  of  shoaling  will  decrease.  The  close  proximity  of 
the  salt-water  wedge  or  mixing  region  of  fresh  and  salt  water  has  a 
great  effect  on  the  shoaling  of  the  three  marinas.  During  high  fresh- 
water inflow,  the  wedge  is  located  in  an  area  which  encompasses  the 
three  marinas.  Continuing  recirculation  of  large  quantities  of  sed- 
iments in  the  wedge  makes  the  potential  for  shoaling  in  this  region  very 
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high  (10).  In  the  relatively  low  inflow  months  of  summer,  the  wedge 
moves  eastward  into  Suisun  Bay  and  the  Delta.  Sediments  suspended  in 
the  shallows  of  San  Pablo  Bay  are  carried  upstream,  near  the  channel 
bottoms,  by  flood  tides.  The  net  water  movement  upstream  near  the 
channel  bed  carries  sediments  eastward  into  the  mixing  region  where  the 
sediments  mix  upward  with  the  westerly  flowing  fresh  water  and  increases 
the  suspended  sediment  concentration  of  the  surface  waters.  The  sed- 
iments then  flow  back  downstream  and  redeposit  in  shallow  areas  or 
settle  to  lower  depths  and  recirculate.  These  three  marinas  are  located 
in  areas  of  shallow  water  either  within  or  downstream  of  the  mixing 
region  for  a large  part  of  each  year.  A high  rate  of  shoaling  would  be 
expected . 

NUMERICAL  SIMULATION  MODEL 

Dr.  B.  H.  Johnson  of  the  U.S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  investigated  (20)  mathematical  models  which  could  be  used 
to  describe  the  physical  fate  of  disposed  dredged  material.  His  inves- 
tigation disclosed  that  "very  little  mathematical  modeling  of  the  phys- 
ical fate  of  dredged  material  disposed  of  in  an  aquatic  environment  has 
been  undertaken."  He  found  that  the  only  significant  modeling  effort 
was  by  Koh  and  Chang  (21),  which  allowed  prediction  of  dispersion  and 
settling  of  material  in  the  ocean  from  disposal,  either  by  instantaneous 
bottom  dump  or  pumping,  from  a moving  barge.  For  estuarine  and  riverine 
environments,  he  found  no  sediment  transport  models  capable  of  tracing 
dredged  sediments.  In  June  1973  the  San  Francisco  District  entered  into 
a contract  with  the  Stanford  Research  Institute  (SRI)  of  Menlo  Park, 
California  for  development  of  a numerical  simulation  model  of  dredged 
material  dispersion  in  the  study  area.  The  contract  included  develop- 
ment of  the  numerical  simulation  by  incorporating  a material  transport 
model  into  an  existing  estuary  model,  limited  testing  of  the  numerical 
model,  and  a report  to  document  the  contractual  effort. 

This  section  will  describe  the  development  of  a two-dimensional 
numerical  simulation  model,  called  DREGSIM,  for  the  dispersion  of 
dredged  material  disposed  in  the  Material  Release  study  area.  The 
extent  of  the  model  area  is  shown  in  Figure  39.  The  model  is  broken 
down  into  grid  cells  which  can  be  located  using  the  n/m  notation  shown 
in  Figure  39. 

The  purpose  for  development  of  the  mathematical  model  was  to  have  a 
capability  for  studying  dredge  material  dispersion  in  the  study  area 
after  completion  of  the  tracing  program  in  the  prototype.  Since  the 
tracing  program  in  the  prototype  was  conducted  under  specific  conditions 
of  river  inflow,  wind,  etc.  that  occurred  from  February-March  1974  and 
disposal  of  material  at  one  site,  the  results  from  the  prototype  would 
only  be  applicable  for  that  set  of  conditions.  If  a mathematical  model 
could  be  developed  which  could  reasonably  duplicate  the  results  of  the 
tracing  program  in  the  prototype,  then  material  dispersion  could  be 
evaluated  for  varying  site  conditions  and  for  disposal  of  dredged  mat- 
erial at  sites  other  than  the  Carquinez  site.  The  primary  advantage  in 
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working  with  a mathematical  model,  which  can  reasonably  dujilicate 
conditions  in  the  prototype,  to  determine  the  outcome  of  a set  of 
prescribed  conditions  is  the  ability  to  reproduce  the  results  for  any 
number  of  tests.  Also,  the  reaction  of  the  system  to  changes  in  the 
various  conditions  can  be  tested. 

The  SRI  development  of  the  model  and  a user's  manual  are  Inclosure 
5 to  this  report.  The  following  sections  will  summarize  the  SRI  report 
and  discuss  the  results  of  several  tests  using  the  model.  It  should  be 
noted  that  qualitative  or  quantitative  comparison  of  the  various  SRI 
tests  with  the  prototype  tracing  data  presented  in  the  preceding  sec- 
tions will  not  be  compared  due  to  the  limited  testing  and  lack  of  veri- 
fication of  the  numerical  model.  The  development  of  the  numerical  model 
is  reported  primarily  for  informational  purposes.  Further  work  with  the 
model  and  verification  with  prototype  data,  possibly  from  the  tracing 
program,  is  considered  essential  prior  to  acceptance  of  model  results  as 
representing  conditions  in  the  prototype. 

MODEL  DESCRIPTION 

The  numerical  model  incorporates  the  basic  three-dimensional  hvdro- 
dynamic  equations  describing  the  time-dependent  fluid  motion.  These 
equations  are  too  complex  for  rigorous  mathematical  treatment;  hence, 
the  equations  are  transformed  into  a two-dimensional  form  suitable  for 
solution  on  a high  speed  digital  computer  by  appropriate  approximation. 
The  approximations  are: 

(1)  The  estuary  is  essentially  well-mixed Water  density  is 
always  constant. 

(2)  Vertical  velocities  and  vertical  fluid  acceleration  are 
negligible. 

(3)  Tidal  action  results  from  the  oceanic  tide  at  the  seaward 
boundary  at  San  Pablo  Strait. 

(4)  The  freshwater  flows  are  unimportant  when  compared  to  the 
tidal  flows. 

(5)  Due  to  the  freshwater  inflows,  there  is  always  a net  flow 
seaward . 

(6)  The  density  of  the  receiving  water  is  not  changed  appreciably 
by  the  disposal  of  the  dredged  materials. 


!_/  A well-mixed  estuary  is  characterized  by  essentially  uniform  sa- 
linity from  the  surface  to  the  bottom. 
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The  first,  second,  and  sixth  assumptions  are  simplifications  which  are 
necessary  to  keep  the  model  to  a manageable  size.  The  third  assumption 
is  valid  for  San  Pablo  Bay  since  it  is  relatively  small  and  tidal  dif- 
ferences insignificant.  The  first  and  fourth  assumptions  are  valid  only 
under  conditions  of  low  fresh-water  inflow.  The  high  fresh  water  in- 
flows during  the  winter  and  spring  months  exert  a greater  influence  on 
the  movement  of  sediment  in  the  study  area  than  the  model  would  predict, 
and  the  location  of  the  mixing  region  for  salt  and  fresh  waters,  during 
high  freshwater  inflow,  is  located  in  portions  of  the  model  area.  The 
hydrodynamic  equations  also  include  the  effects  of  wind,  bottom  stress, 
tidal  action,  and  turbulent  diffusion. 

The  model  allows  the  introduction  of  individual  dredged  particles 
into  the  study  area.  The  settling  and  movement  of  the  particle  in  the 
estuary  is  a function  of  the  hydrodynamics  of  the  water  body  and  the 
size,  shape,  and  composition  of  the  particle.  The  vertical  velocity  is 
from  a description  of  the  settling  velocity  by  Murry  (22) . The  hori- 
zontal velocity  of  the  particle  is  assumed  to  be  the  same  as  the  sur- 
rounding fluid  velocity. 

The  model  also  includes  a diffusion  simulation  which  allows  cal- 
culation of  dredged  material  concentrations  at  each  point  in  the  study 
area.  This  calculation  is  accomplished  using  the  general  equation  (23) 
for  the  transport  of  fine  sediments  based  on  the  conservation  of  sedi- 
ment mass. 

The  functioning  of  the  model  is  described  in  the  following; 

(1)  The  hydrodynamic  simulation  calculates  the  velocity 
components  and  water  surface  elevations  with  respect  to  mean 
sea  level  on  a horizontal,  two-dimensional  grid.  The  grid 
can  account  for  arbitrary  geometry  in  plan  and  variable  depth. 

The  velocities  are  depth  averaged,  so  there  is  no  resolution 
of  a vertical  velocity  profile.  The  velocity  field  is  gen- 
erated using  depth  averaged  equations  of  motion  with  boundary 
conditions  of  wind  stress  at  the  water  surface,  friction  at 
the  bottom,  and  open  and  closed  bounds  in  the  horizontal; 
open  bounds  include  one  ocean  inlet  with  tidal  rise  and  fall 
of  the  water  surface,  as  well  as  landward  openings  with 
freshwater  inflow.  The  program  accounts  for  flooding  and 
drying  up  of  grid  points  to  simulate  tidal  flats. 

(2)  The  tracer  particle  simulation  uses  the  calculated 
flow  field  to  move  tracer  particles  through  the  two  dimen- 
sional flow  field.  The  particles  are  assumed  to  move  with 
the  same  horizontal  velocities  as  water  particles.  The  typi- 
cal size  of  the  non-dispersed  particles  found  in  the  dredged 
material  of  Mare  Island  Strait  is  on  the  order  of  20  microns 
(18)  (1  micron  = 1 x 10'^  meters) . 
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(3)  There  are  several  restrictions  on  the  tracer  par- 
ticle movements  in  the  model  which  influence  the  validity  of 
the  results.  The  time  required  for  a particle  to  reach  its 
terminal  settling  velocity  is  less  than  a second,  and,  since 
the  time  steps  in  the  model  are  several  hundred  seconds,  the 
particles  have  in  all  cases  reached  their  terminal  velocity. 

Because  it  was  assumed  that  the  vertical  fluid  velocities 
were  negligible  and  no  vertical  salinity  gradient  exists, 
there  is  no  vertical  force  to  resist  partLcle  settling.  Thus, 
unless  a correction  factor  is  applied,  the  particles  will 
always  travel  along  the  bottom.  In  addition,  if  a resus- 
pension factor,  based  on  local  turbulence,  is  introduced,  any 
disturbance  will  resuspend  the  particles,  since  the  model 
includes  no  allowance  for  flocculation  or  interparticle 
forces  while  the  particles  are  settling  on  the  bottom.  These 
restrictions  must  be  considered  when  evaluating  model  results. 

(4)  The  diffusion  simulation  solves  the  two  dimensional 
advective  diffusion  equation  for  concentrations  at  grid  points, 
using  the  calculated  velocity  field.  The  simulation  accounts 
for  two  dimensional  dispersion  of  a dynamically  passive,  con- 
servative, dispersable  substance.  The  assumption  that  the 
substance  is  dynamically  passive  means  that  the  introduction 

of  the  substance  into  the  flow  field  does  not  appreciably 
affect  the  magnitudes  and  directions  of  fluid  velocities.  No 
attempt  is  made  to  simulate  the  actual  sediment  loading  in 
the  study  area.  The  disposed  material  is  treated  as  a separate 
substance  and  is  simulated  for  convection  and  diffusion.  It 
is  intended  that  this  mean  concentration  simulation  would  give 
an  indication  of  probable  areas  of  initial  dredged  material 
movement . 

The  model  is  coded  for  implementation  on  a CDC  7600  computer  system 
and  has  been  run  by  the  San  Francisco  District  on  the  CDC  7600  system  at 
the  University  of  California,  Berkeley. 

INITIAL  RESULTS 

SRI  conducted  a series  of  simulation  calculations  with  the  model  to 
determine  if  the  model  was  giving  reproducible  results. 

One  simulation  run  was  conducted  in  which  iso-concentration  con- 
tours were  plotted  for  material  disposed  in  Carquinez  Strait  at  location 
n = 6,  ra  = 36.  A discussion  of  this  simulation  can  be  found  in  Inclo- 
sure 1. 

Four  runs  were  made  simulating  tracer  particle  movements.  These 
runs  were  carried  out  for  1,000  time  steps  (111.11  hours).  During  the 
test  one  new  particle  was  introduced  into  the  study  area  at  a disposal 
site  every  two  hours  of  simulation  time.  For  all  of  the  tests  the  first 
six  particles  were  initially  positioned  as  follows: 


t These  particles  were  positioned  to  determine  if  the  model  results  were 


consistent  between  tests.  The  tide  data  for  the  tests  is  given  in 
Inclosure  1;  the  wind  speed  is  assumed  to  be  zero;  and  the  freshwater 
inflow  and  the  time  for  the  tide  to  reach  the  inlet  are  as  follows: 


Time  for  Tide 
Infi.^w  Volume  to  Reach  Inlet 


Inlet 

(f t. ^/sec. ) 

(min. ) 

Carquinez  Strait 

10,000 

37 

Petaluma  River 

1,000 

10 

Napa  Slough 

1,000 

15 

Napa  River 

1,000 

20 

The  four  disposal  sites  were  located  as  follows: 


1. 

n = 

8, 

m = 36  (Carquinez  site) 

2. 

n = 

14 

, m = 14 

3. 

n = 

5, 

m = 10 

4. 

n = 

6, 

m = 36 

t 


The  detailed  results  and  a discussion  of  these  four  tests  is  con- 
tained in  Inclosure  5.  'L’he  final  location  of  the  tracer  particles 
(after  111.11  hours)  for  each  of  the  four  tests  are  shown  in  figures  40- 
43. 

Figure  40  shows  the  tracer  particle  locations  after  several  tidal 
cycles  resulting  from  disposal  close  to  the  present  Carquinez  disposal 
site.  Additional  particle  location  maps  for  this  simulation  run  for 
other  times  can  be  found  in  Inclosure  5.  However,  these  figures  all 
show  that  the  particles  tend  to  remain  in  the  vicinity  of  the  disposal 
site  on  ebb  tide  and  move  into  Mare  Island  Strait  on  the  flood  tide. 

This  can  be  explained  primarily  by  the  description  of  the  freshwater 
inflow  boundary  at  Carquinez  Strait  and  the  assumption  of  negligible 
vertical  velocities  in  the  water  column  in  this  area  which  always  keeps 
the  particles  traveling  along  the  bottom.  Also,  there  is  no  allowance 
for  flocculation  of  material  which  could  keep  some  particles  from  en- 
tering Mare  Island  Strait.  However,  the  particle  size  used,  20  microns, 
is  typical  of  a floe  sized  particle  and  alleviates  this  problem  to  some 
extent.  There  is  no  provision  in  the  model  to  allow  the  particles  to  go 
outside  the  study  area.  Hence,  when  the  particles  reach  a boundary, 
they  remain  there  until  a velocity  is  developed  which  can  convect  the 
particle  back  into  the  study  area. 

In  Figure  41  the  disposal  site  has  been  moved  slightly  southward 
from  the  site  in  Figure  40.  The  difference  in  particle  locations  at  the 
end  of  the  simulation  runs  (111.11  hours)  is  obvious.  In  this  test  the 
particles  appear  to  become  trapped  by  Pinole  Point  and  subsequently  move 
up  into  Carquinez  Strait.  The  particles  also  tend  to  remain  in  the 
shallow  areas  of  the  Strait  and  not  in  the  main  channel . 

The  results  of  particle  movements  from  disposal  at  a dump  site  in 
San  Pablo  Bay  are  shown  in  Figure  42.  Note  that  the  tracer  particles 
have  concentrated  in  the  area  of  Sonoma  Creek  (Napa  Slough)  and  have 
moved  to  the  entrance  to  Central  Bay  and  the  southern  shallows  of  San 
Pablo  Bay.  Also,  two  particles  are  found  in  Mare  Island  Strait.  Th\is, 
disposal  at  this  site  (n  = 14,  m = 14)  has  resulted  in  a wide  dispersal 
of  tracer  particles  throughout  the  study  area. 

Another  Interesting  phenomenon  observed  in  the  test  with  the  dis- 
posal site  at  n = 14,  m = 14  (Figure  42)  is  that  particles  35  and  40, 
location  "n"  and  "o"  in  Figure  42,  initially  move  to  the  boundary  in 
Carquinez  Strait.  Subsequently,  the  particles  move  into  Mare  Island 
Strait. 

In  Figure  43  the  disposal  site  has  been  moved  to  n = 5,  m = 10. 
During  this  test  the  particles  remain  on  the  soutii  side  of  San  Pablo  Bay 
and  do  not  cross  the  main  ciiannel.  The  majority  of  the  particles  remain 
in  the  vicinity  of  Pinole  Point. 
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CONCLUSIONS 


Based  on  the  various  simulation  runs  made  by  SRI  and  reported  in 
Inclosure  5,  several  conclusions  can  be  made.  However,  in  formulating 
the  conclusions,  consideration  must  be  given  to  the  limitations  of  the 
model  and  the  short  simulation  time  (111.11  hours). 

SRI  has  advanced  two  interpretations  of  the  disposal  site:  it  is  a 

disposal  site,  and  it  is  a transient  particle  discriminator  which  means 
that  any  particle  arriving  at  a point,  from  any  source,  will  act  like  a 
particle  that  was  externally  deposited  there.  Due  to  the  short  sim- 
ulation time  of  the  test  runs  the  latter  interpretation  of  the  disposal 
site  would  seem  to  be  appropriate  in  formulating  conclusions  about  the 
long-term  fate  of  tracer  particles.  Another  important  consideration  to 
keep  in  mind  is  that  particles  are  not  allowed  to  leave  the  study  are.  , 
but  remain  at  boundaries  until  resuspended  and  transported  back  into  the 
study  area. 

The  following  conclusions  were  made  by  SRI  after  analysis  of  the 
simulation  runs. 

(1)  A large  amount  of  material  moves  into  Mare  Island 
Strait  from  disposal  of  tracer  particles  in  Carqulnez  Strait 
and  San  Pablo  Bay  and  from  other  suspended  material  moving 
through  Suisun  Bay  and  Carquinez  Strait. 

(2)  The  tracer  particles  preferentially  moved  to  the 
following  locations: 

a.  Mare  Island  Strait 

b.  Carquinez  Strait 

c.  The  southern  side  of  San  Pablo  Bay,  particularly 
around  Pinole  Point 

d.  The  area  of  Sonoma  Creek  (Napa  Slough) 

e.  The  mouth  of  the  Petaluma  River 

f.  The  entrance  to  Central  Bay 

The  simulation  runs  also  indicated  that  there  were  no  tracer  particles 
found  in  the  main  channel  through  Carquinez  Strait  and  San  Pablo  Bay, 
with  the  exception  of  particles  in  transit. 
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DISCUSSION 


The  following  sections  will  present  general  ideas  and  information 
on  sediment  transport  and  the  fate  of  released  dredged  sediments  in  San 
Francisco  Bay.  The  discussions  will  be  general;  however,  the  informa- 
tion was  developed  from  results  of  the  sediment  tracing  program  and 
other  Appendices  of  the  Dredge  Disposal  Study. 

ESTUARINE  PROCESSES  AFFECTING  SEDIMENTATION 

Currents  were  briefly  alluded  to  earlier  as  mechanisms  affecting 
sediment  transport.  These  include  tidal  currents,  freshwater  inflow, 
salinity-density  currents  and  wind-induced  currents. 

Tidal  currents  are  a dominating  force  in  San  Francisco  Bay  as  they 
erode,  resuspend  (turbulent  mixing)  and  transport  sediments.  The  sed- 
iments move  in  suspension  and  as  bedload  through  Carquinez  and  San  Pablo 
Straits  into  Central  Bay.  Once  the  sediment-laden  waters  arrive  in 
broad  expanses  of  San  Pablo  Bay  and  Central  Bay  their  velocity  and, 
hence,  ability  to  carry  sediments  is  diminished.  At  the  same  time, 
these  brackish  waters  are  mixed  with  more  saline  ocean  waters  and 
suspended  sediments  settle  to  the  bottom.  These  newly-arrived  sediments 
are  then  subject  to  movement  by  other  estuarine  processes. 

Eddy  currents  can  also  cause  shoaling.  Eddy  currents  are  surface 
gyres  (whirls)  where  water  next  to  the  major  current  moves  forward  and 
parallel  to  the  main  stream  while  the  water  on  the  opposite  side  of  the 
gyre  flows  in  the  opposite  direction.  Coves  and  land  points  such  as 
Point  Pinole  along  the  Bay  set  off  eddy  currents  which  deposit  sediments 
in  sheltered,  low  energy  areas  down-current  of  these  landforms. 

Freshwater  inflow  is  a non-tidal  current  that  affects  sedimentation 
in  the  Bay.  During  winter  storm  runoff,  sediment-laden  high  freshwater 
inflows  generate  stratified  conductions.  Some  sediments  are  deposited 
while  others  are  transported  in  the  freshwater  strata  into  Central  Bay 
and  through  the  Golden  Gate  into  the  Gulf  of  the  Farallones.  The  sed- 
iments are  transported  in  suspension  and  also  dragged  along  the  bottom 
as  bedload.  During  the  wet  season,  high  volume/velocity  river  currents 
are  especially  effective  in  eroding,  resuspending,  and  transporting 
unconsolidated  sediments. 

Freshwater  Inflow  mixes  with  saline  waters  in  the  Bay  and  results 
in  horizontal  and  vertical  salinity  gradients.  These  gradients  are 
greatest  during  winter  freshets.  The  difference  in  salinity  and, 
therefore,  density  is  the  driving  force  of  another  type  of  non-tidal 
current  found  in  the  Bay  system.  Density-salinity  currents  move  up- 
stream along  the  Bay  floor  displacing  less  saline  waters  moving  towards 
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the  Golden  Gate  in  the  upper  water  column.  The  predominant  direction  of 
this  current  is  upstream.  This  salt-water  wedge  (vertical  salinity 
stratification)  is  most  developed  during  wet  season  storm  runoff  and  is 
strong  enough  to  erode  and  transport  sediments  in  the  near  bottom  strata 
of  the  water  column.  The  average  speed  of  this  near  bottom  current 
between  the  Gulf  of  the  Farallones  and  San  Pablo  Bay  has  been  calculated 
to  be  2.2  nautical  miles  per  day  (14).  Because  this  current  is  density- 
driven,  it  transports  sediments  in  the  deeper  parts  of  the  natural  and 
dredged  channels.  Density-driven  salinity  currents  supplement  floodtide 
bottom  filling  in  tranquil,  maintained  waterways  such  as  Mare  Island 
Strait  and  Alameda  Naval  Air  Station  and  reinforce  the  tidal  regimen  by 
generating  a pattern  of  bottom  strata  filling  and  upper  strata  emptying 
of  the  tidal  prism  in  the  estuary. 

The  interface  between  the  fresh  and  saltwater  masses  is  a zone  of 
vertical  mixing  and  flocculation  of  colloidal  sediments.  This  results 
in  sediment  deposition  along  the  bottom  beneath  this  shifting  interface 
(24).  This  deposition  process  occurs  in  the  San  Pablo  and  Suisun  Bays 
and  Garquinez  Strait  regions. 

The  fourth  major  physical  factor  affecting  sedimentation  is  wind- 
induced  current.  Wind  forces  over  the  surface  of  the  Bay  generate  tyind- 
drift  currents  which  attain  velocities  two  to  five  percent  of  the  wind 
force  (25).  A seasonal  pattern  of  prevailing  winds  and  resultant  wind- 
drift  currents  is  peculiar  to  each  of  the  component  bays  forming  the  San 
Francisco  Bay  system.  During  the  summer,  prevailing  NW  winds  blow 
onshore  at  the  outer  coast.  However,  once  these  winds  reach  the  Golden 
Gate,  direction  and  velocity  are  altered  by  the  channeling  effects  of 
the  landforms  surrounding  the  Bay.  In  Central  Bay,  strong  westerly 
summer  winds  are  funneled  through  the  Golden  Gate  and  produce  east 
setting  wind-drift  currents.  These  currents  drive  sediment-bearing 
surface  waters  across  the  Bay,  piling  it  up  along  the  doiynwind,  eastern 
shore  (wind  setup) . The  same  winds  are  redirected  by  San  Pablo  Strait 
and  blow  from  the  south  and  southwest  over  San  Pablo  Bay  and  into 
Garquinez  Strait  (26)  generating  north  and  northeast  wind-drift  cur- 
rents. During  the  winter,  prevailing  winds  blow  from  the  north  and 
northeast.  These  winds  produce  wind-drift  currents  flowing  through 
Garquinez  Straits,  San  Pablo  Strait  and  the  Golden  Gate.  These  currents 
increase  the  competency  of  freshet  and  tidal  flows  to  flush  unconsolidated 
sediment  from  San  Pablo  and  Central  Bays.  The  offshore  wind  pattern  is 
frequently  interrupted  by  southeast  gales  associated  with  winter  storms 
passing  from  west  to  east  over  the  Bay  Area.  These  southeast  winds  are 
generally  of  short  duration  and  produce  very  temporary  north-setting 
currents . 


Other  lacLors  affecting  local  sed iinentat ion  are  prop  wash,  coriolis 
forces,  and  shoreline  structures.  Prop  wash  turbulence  generated  by 
propeller  driven  vessels,  navigating  in  shallow  harbors  and  channels, 
erode,  mix  and  resuspend  sediments  in  the  same  manner  shallow  subtidal 
and  intertidal  tlats  are  worked  upon  by  wave  action.  The  suspended 
sediment  is  susceptible  to  movement  by  other  types  of  currents  flowing 
into  these  relatively  tranquil  areas.  Prop  wash  is  probably  a signifi- 
cant factor  in  redistributing  bottom  sediments  in  channels  and  harbors. 
Coriolis  forces  concentrate  current  flows  to  the  right  of  their  setting 
direction  in  the  northern  hemisphere.  In  the  confined  area  of  the  Bay 
the  effect  of  this  force  is  not  great.  However,  it  reinforces  or  modi- 
fies the  other  more  important  current  forces  within  the  estuary.  Man- 
made shoreline  structures  (piers,  dolphins,  groins,  and  other  struc- 
tures) can  affect  local  sedimentation  by  creating  eddies,  still  water  or 
turbulence,  all  aiding  flocculation  and  entrapping  of  sediments. 

Sediment  deposition  in  the  Bay  system  not  only  depends  on  tidal  and 
non-tidal  circulation  conditions  described  earlier  but  also  on  the  type 
of  accumulation  process,  physical  characteristics  of  sediment  particles, 
and  concentration  and  availability  of  suspended  and  bedload  material. 
Sediment  deposition  patterns  reflect  the  energy  gradient  formed  by  the 
dynamic  estuarine  forces  within  the  Bay.  Suspended  and  bedload  material 
Is  transported  from  high  energy  areas  to  low  energy  areas  and  if  the 
available  sediment  supply  is  not  a limiting  factor,  suspended  and  bed- 
load concentration  is  directly  proportional  to  transportation  energy. 
Thus,  deposition  or  accumulation  zones  are  situated  in  tranquil  areas 
where  the  energy  of  these  forces  is  dissipated  or  non-existent. 

Postma  has  shown  that  on  submerged  tidal  flats,  wave  action  pre- 
dominates over  current  velocity  as  a distributing  force  (27).  Hori- 
zontal variation  in  sediment  grain  size  across  the  surface  of  the  sub- 
merged flats  correlates  directly  with  wave  energy  distribution.  Wave 
action  over  submerged  deposition  flats  is  determined  by  the  force  of 
waves  arriving  from  adjacent  deepwater  and  channel  areas,  and  waves 
generated  over  the  flats  themselves. 

In  the  deepwater  and  channel  areas  of  the  Bay  current  velocity  is 
the  predominant  estuarine  force.  Current  force  reaches  a maximum  veloc- 
ity above  the  central  portions  of  the  channel  and  diminishes  towards  the 
channel  banks.  This  energy  gradient  is  reflected  in  the  decreased 
sediment  grain  size  away  from  the  channel  axis.  Areas  showing  the 
highest  sediment  deposition  rate  in  San  Francisco  Bay  arc  the  channel 
bank  zones  or  channel  margins.  These  accumulation  zones  are  too  deep  to 
be  affected  by  wave  action  and  too  far  away  from  the  channel  axis  to  be 
affected  by  strong  current  velocities;  thus,  grain  size  sediments  found 
in  the  channel  bank  zones  are  smaller  than  sediments  situated  on  the 
contiguous  flats  shoreward  and  on  the  adjacent  channel  floor  towards 
deep  water.  The  historical  pattern  of  sediment  deposition  and  erosion 
rate  for  San  Pablo  Bay  is  shown  in  Figure  4. 
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FATE  OF  DREDGED  MATERIAL  DISPOSED  IN  THE  BAY 

An  estuary  such  as  Sau  Francisco  Bay  is  a sink  or  holding  area  for 
fluvial  sediment  in  transit  to  the  ocean  from  soil  erosion  in  tlie  Bay's 
extensive  drainage  system.  Sediment  enters  the  Bay  system  from  the  land 
(via  the  drainage  system),  circulates,  accumulates,  and  eventually  a 
portion  leaves  the  system  by  entering  the  ocean.  Sediment  entering  the 
Bay  system,  then,  is  either  temporarily  or  permanently  held  in  residence, 
depending  on  the  dynamic  state  of  the  estuary.  Twenhofel  (28)  has  de- 
scribed the  dynamic  state  of  an  estuary  as  changes  in  bottom  surface 
elevations  or  profile  of  equilibrium.  The  profile  of  equilibrium  is  a 
condition  where  tlie  bottom  surface  has  temporarily  adjusted  to  the 
prevailing  physical  forces  such  as  wind-wave  action  and  currents  which 
tend  to  alter  the  bottom  elevation.  Since  these  forces  are  responsible 
for  maintaining  a profile  of  equilibrium,  the  profile  of  equilibrium 
persists  only  so  long  as  the  forces  exist.  Surficial  bottom  sediments 
quickly  respond  to  changes  in  these  distributing  forces.  The  nature  and 
energy  of  the  forces  responsible  for  development  of  a profile  of  equi- 
librium fluctuate  from  moment  to  moment.  However,  there  are  seasonal 
patterns  manifested  by  these  forces  (e.g.,  river  inflow,  wind  charac- 
teristics, wave  climate,  tidal  action,  and  sediment  availability)  that 
will  result  in  seasonal  trends  of  deposition  and  erosion.  Deposition 
and  erosion  in  an  estuary  ultimately  depends  upon  whether  or  not  the 
bottom  surface  level  has  attained  a profile  of  equilibrium  with  the 
prevailing  forces  operating  on  it. 

Inflowing  sediment  is  not,  for  the  most  part,  carried  directly  to 
the  ocean.  A large  percentage  of  the  inflowing  sediment  remains  in 
residence  in  the  Bay  for  a number  of  years,  being  deposited,  then 
resuspended,  recirculated,  and  redeposited  elsewhere,  with  the  net 
effect  of  being  transported  (toward  the  mouth  of  the  estuary)  out  of  the 
f Bay  system  into  the  ocean  as  suspended  load  and  bedload.  This  complex 

I process  occurs  many  times  before  the  sediment  is  either  semi-permanently 

deposited  in  the  Bay  or  transported  as  suspended  load  into  the  ocean  and 
[ deposited  on  the  continental  shelf. 

i 

Before  discussing  the  fate  of  dredged  material  released  into  the 
Bay,  a description  of  the  process  of  deposition  and  resuspension  of  new 
sediment  entering  the  Bay  system  is  necessary.  Most  new  sediments  enter 
the  Bay  system  during  the  montlis  of  maximum  runoff  (winter).  Eighty 
percent  of  the  total  sediment  inflow  into  the  Bay  enters  from  the 
Central  Valley  drainage  basin  via  Suisun  and  San  Pablo  Bays.  When  the 
sediment-laden  freshwater  mixes  with  the  saltwater,  aggregation  and 
settling  occur.  The  broad  expanse  of  the  shallow  bays,  where  tidal 
velocities  are  low,  arc  the  repository  areas  for  the  aggregated  sedi- 
ments. During  the  winter  months  wave  suspension  of  sediment  is  at  a 
minimum,  allowing  accumulation  of  sediments.  In  the  spring  and  summer 
ti;onths,  daily  onshore  breezes  generate  waves  over  the  shallow  areas. 


resuspending  sedinieiUs  and  malnLaining  them  in  suspension,  wiille  tidal 
and  wind-generated  currents  clreuinte  tliem  tlirouglioiiL  Llie  Hay.  Tlie 
suspended  sediments  are  repeatedly  deposited  and  resuspended  in  the 
shallow  areas  until  tiiey  are  iinally  ueposited  in  deeper  wati-r  below  the 
effective  depth  of  wave  influence.  In  spring  and  summer  there  i.s  a net 
movement  of  sediment  from  the  sliallow  re[)ository  areas,  In’iaging  tlie 
sliailows  back  to  a profile  of  etiu  i librium  where  wave  action  is  no  longer 
influential  in  resuspending  the  sediment.  Once  the  sediment  reaches 
deeper  water,  usually  in  natural  cliannels  or  along  tile  margin  oi  these 
cliannels,  tidal  currents  become  the  primary  transporting  mechanisms. 

Like  tile  stiallow  areas  (the  depths  of  whicii  are  in  equilibrium  witli  tlie 
depth  of  effective  wave  action),  the  depth  of  the  natural  chann<-ls  are 
in  equilibrium  with  the  flow  volume  and  current  velocity  in  the  cliannel. 
When  resuspended  sediments  from  the  shallows  are  traiispoi: ted  into  the 
natural  channels,  the  sediment  has  a tendency  to  be  transported  along 
the  channel  in  the  direction  oi  net  flow.  In  San  i'ranciscc  Hay  the 
direction  of  net  water  flow  is  towards  the  ocean,  allowing  the-  sediments 
to  have  a net  seaward  component.  Sediments  may  be  transported  by  tidal 
currents  back  into  shallow  areas,  especially  after  the  sediment  has  been 
transported  through  a constricted  strait  into  a broad  bay,  sucii  as 
through  San  Pablo  Strait  into  Central  Bay,  and  the  recirculation  process 
is  repeated. 

Some  sediment  is  permanently  retained  in  the.  Bay  system.  ibis 
sediment  is  deposited  and  accumulated  in  low  energy  areas  wliere  wind- 
wave  action  and  water  flow  volumes  and  velocities  are  not  great  enough 
to  transport  sediments.  These  areas  may  be  found  along  the  margins  of 
the  Bay  such  as  intertidal  flats,  marshes  and  inlets,  as  well  as  around 
manmade  structures  and  dredged  channels.  Marshes  trap  sediments  much  in 
the  same  manner  as  manmade  structures  by  decreasing  flow  velocities  and 
wind-wave  action  to  the  extent  where  the  sediments  may  no  longer  be 
flushed  out.  In  this  case,  the  water  depths  decrease  until  a profile  of 
equilibrium  is  reached.  Inlets  and  sloughs  provide  sheltered  areas  with 
Very  low  current  velocities.  When  suspended  sediment  enters  the  inlets 
the  t low  velocities  and  wave  action  are  normally  insufficient  to  remove 
the  sediments,  and  deposition  will  occur.  Southampton  Bay  (in  Carquine?. 
Strait)  near  Ketiicia  is  an  e.xampie.  Between  1857  and  1886  Southampton 
Ha'.  Pad  . xper  ii.  iiceil  heavy  shoaling  at  the  rate  of  300,000  cubic  yards 
,1.  :-  ,-'5r.  SincL'  that  time  the  shoaling  rate  has  continuously  decreased 

I • . ; ‘ . i.  . n Id.’J  and  1940  the.  annual  shoaling  rate  was  43,500  cubic 
. e . . •>  retile  I'f  equilibrium  was  reached  sometime  between  1940  and 

, It  t.'iay  no  net  deposition  or  erosion  occurs  in  the  bay  (29). 

1 ••  .i  n.tvigation  channels  are  out  of  equilibrium  with  tiie  system 
t i'  i ..  cliannels  are  maintained  to  a deptli  greater  than  the  natural 
b.'i'..  Miinlenance  of  dredged  channels  is  required  since  the  channels. 
-,t:i  t.w  . ■<,:eptions,  will  attempt  to  regain  the  equilibrium  deptli  of 
'ii.'ir  .iir  r.iiind  i ngs . Flow  velocities  in  these  dredged  channels  are  not 
Cleat  i-noiip.h  to  maintain  required  depths.  For  this  ri'ason,  sediment 
lh.it  .n  cumulates  in  maintained  channels  will  remain  there  until  the 
• li.innels  .ire  dredged. 


The  source  of  shoal  material  in  dretlj>ed  ci.annels  has  been  discussed 
previously.  Shoal  material  may  be  derived  directly  from  sediment  inflow 
to  the  Bay  or  it  may  be  derived  from  some  part  of  the  resuspension- 
recirculation-redeposition  cycle.  Shoaling  rates  in  the  dredged  chan- 
nels are  not  constant  but  vary  from  year  to  year,  depending  on  the 
variable  sediment  inflow  volume,  wind-wave  action  and  current  veloci- 
ties. During  a season  of  exceptionally  high  sediment  inflow  to  the  Bay, 
for  example,  dredged  channels  will  normally  experience  higher  sedimen- 
tation rates  than  usual,  both  in  winter  and  spring-summer  seasons.  The 
same  process  occurs  in  the  shallow  areas  where  the  depths  of  accumula- 
tion will  be  greater,  thus  reducing  water  depths.  In  the  spring-summer 
season  shoaling  in  the  dredged  channels  is  due  to  accumulations  of 
sediment  in  the  shallow  areas  during  the  winter.  Since  the  water  depth 
in  the  shallow  areas  is  less  than  the  profile  of  equilibrium,  and  assum- 
ing the  effective  depth  of  wave-action  remains  about  the  same,  sediments 
from  the  shallow  areas  will  be  suspended  by  wind-wave  action  in  the 
process  of  reestablishing  the  equilibrium  depth.  As  in  the  winter,  this 
results  in  a large  flux  of  suspended  sediment  through  the  dredged  chan- 
nels and  shoaling.  High  sediment  inflow  years  are  characterized  by 
increased  suspended  solids  (turbidity)  in  the  Bay  during  the  winter  from 
direct  sediment  inflow  and  in  the  spring-summer  season  from  the  greater 
volume  of  sediments  resuspended  in  the  shallow  areas.  High  turbidity 
also  results  in  a larger  sediment  outflow  to  the  ocean. 


Dredging  the  shoaled  sediments  in  navigation  channels  with  disposal 
at  one  of  the  disposal  sites  in  the  Bay  has  the  effect  of  redistributing 
the  sediments  within  the  system.  As  discussed  in  the  preceding  para- 
graph, the  origin  of  the  shoaled  sediment  is  from  the  direct  inflow  of 
sediment-laden  river  water,  and  resuspension  and  recirculation  of  sedi- 
ment in  the  Bay's  shallow  areas.  Disposal  ol  dredged  sediments  in  the 
Bay  brings  back  into  circulation  material  that  could  otherwise  remain 
out  of  circulation  (ret  lined  in  the  channel).  Upon  disposal,  the 
dredged  sediment  will  reenter  the  deposi t ion-resuspens ion-redeposi t ion 
cycle,  eventually  being  permanently  placed  in  low  energy  areas  or  car- 
ried to  the  ocean.  Since  dredged  channels  are  out  of  equilibrium,  a 
portion  of  the  disposed  dredged  material  will  likelv  reenter  the  same  or 
other  dredged  channels. 


Sites  for  disposal  of  dredged  material  in  San  Francisco  Ray  are 
along  the  channel  margins  or  in  natural  channels.  No  net  accumulation 
of  dredged  sediments  in  any  of  the  disposal  sites  has  been  detected 
since  disposal  operations  at  the  sites  were  initiated.  Disposal  of 
dredged  sediment  in  these  ' urrent  velocity  areas  and  the  present 

practice  of  using  the  closest  disposal  site  towards  the  ocean  from  the 
dredging  site  has  the  effect  of  eliminating  one  or  more  stops  of  the 
resuspension-rec i rculat ion-redeposit ion  cycle  in  the  process  of  trans — 
porting  sediments  through  the  estuary  to  tlie  ocean.  Studies  conducted 
and  repi'rted  in  Appendices  C and  M of  the  Dredge  Disposal  Study  indicate 
tiiat  a large  amount  of  dredged  sediments  after  disposal  will  be  trans- 
ported in  the  channel  as  bedload  or  as  a Ijigh  solids  content  suspended 
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j load.  The  major  transport iiiK  mechanism  of  the  dredged  sediments  in  the 

1 natural  channels  is  by  tidal  currents  and  occurs  at  depths  greater  than 

I the  depth  of  effective  wave  action.  Ju.st  as  the  water  has  ,i  tendency  to 

I remain  in  tlu^  natural  channels,  as  evidenced  by  the  high  current  \eloc- 

i ities,  dredged  sediments  also  h.ave  a tendency  to  remain  within  the  con- 

fines of  the  natural  channels  fc'r  at  least  a short  period  of  time. 

The  natural  channel  network  leading  to  the  ocean  in  the  Bay  is  not 
continuous,  causing  the  dredged  sediments,  like  the  natural  sediments, 

I to  leave  the  boundaries  of  the  natural  channels  and  move  onto  the 

shallows  as  part  of  the  resuspenslon-reciriijlat ion-redeposi t ion  cycle. 
Ihe  dredged  sediments  moving  onto  the  shallows  are  dispersed  and  do  not 
j inhibit  the  system's  ability  to  resuspend  and  i ic  ircu ia t e the  material. 

' In  contrast,  if  "low  wave  energy-low  current  energy"  disposal  sites  were 

used  for  deposition  of  dredged  sediments  in  the  Bay,  the  abilitv  of  the 
i system  to  assimilate  the  dredged  sediment  or  the  ability  of  the  dredged 

sediment  to  reenter  the  resuspension-recirculation  cvcle  could  be  sig- 
^ nificantly  reduced.  For  example,  disposing  in  the  north  San  Pablo  Bay 

^ shallows  during  the  v;inter,  when  wind-wave  resiispens ion  is  at  a minimum, 

could,  conceivably,  cause  a large  enough  accumulation  of  dredged  sedi- 
ments that  wind-wave  resuspension  in  the  subsequent  spring-summer  season 
would  be  insufficient  to  remove  all  the  material.  The  result  of  such  an 
action  would  be  a decrease  in  the  water  depth  in  the  surrounding  area, 
further  decreasing  the  wave  action  and  ability  to  resuspend  and  cir- 
' dilate  the  sediment.  This  would  disrupt  the  existing  equilibrium, 

resulting  in  a net  accumulation  of  sedimeiiLO  in  the  sha]  lota's. 
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CONCLUSIONS 


Iho  primary  objectives  of  th>  study  were  to  determine  the  long-term 
movement  of  sediments  in  terms  of  the  extent  and  degree  of  impacts  and 
the  eifieieucy  of  the  disposal  operation  at  the  Carquinez  disposal  site. 

Tlie  dispersion  of  sediments  released  at  the  Carquinez  disposal  site 
was  foLind  to  be  very  rapid  and  wide-spread.  During  the  disposal  oper- 
ation, dredged  sediments  made  up  a large  percent  of  the  total  bottom 
surface  sediments  in  the  vicinity  of  the  disposal  site.  Sampling  showed 
that  within  a month,  released  sediments  were  well  distributed  both 
horizontally  and  vertically  over  a 100  square  mile  area  including  San 
Pablo  Bay,  Carquinez  Strait  and  Suisun  Bay.  The  released  sediments  were 
well  mixed  to  depths  of  at  least  9 inches  at  the  major  portion  of  the 
sampling  stations  in  April,  having  concentrations  of  dredged  sediment 
less  than  4 percent.  The  general  concentration  decreased  to  less  than 
0.5%  in  August.  In  September  and  October  a significant  increase  in 
percentage  of  dredged  sediments  appeared.  The  increase  is  attributed 
primarily  to  the  estuarine  processes  (i.e.  wind-wave  resuspension)  which 
resuspend,  circulate  and  deposit  sediments  within  the  study  area.  A 
secondary  cause  was  the  redredging  of  sediments  which  had  returned  to 
Mare  Island  Strait.  Within  two  months  after  the  September-October 
increase  most  of  the  dredged  sediment  had  again  disappeared  from  the  top 
9 inches  of  the  study  area. 

The  efficiency  of  the  disposal  operation  at  the  Carquniez  Strait 
disposal  site  is  based  on  the  quantity  of  sediments  returning  to  Mare 
Island  Strait  and  other  navigation  channels.  Initial  movement  of  sedi- 
ments back  into  Mare  Island  Strait  channel  was  estimated  to  be  10  per- 
cent of  the  total  volume  dredged.  The  conditions  which  occurred  during 
the  disposal  operation  with  the  salt  water  wedge  moving  with  the  tides 
across  the  entrance  to  Mare  Island  Strait  should  have  provided  a maximum 
or  upper  limit  on  the  sediments  returning.  The  percent  returning  is 
consistent  with  results  of  previous  model  and  field  studies.  Recir- 
culation returns  additional  sediments  to  the  channel.  The  estimated 
total  sediments,  both  initial  and  long-term  movement,  returning  to  the 
Miire  Island  Strait  channel  is  estimated  to  be  no  more  than  15  percent. 

Sediments  were  also  found  in  other  navigation  channels.  As  ex- 
pected, sediments  were  found  to  pass  through  Pinole  Shoal  Channel  with 
net  movement  seaward  toward  Central  Bay.  Accumulation  was  not  expected 
to  occur  because  of  the  high  energy  environment  of  the  channel  being 
more  favorable  to  coarser  sediments.  The  amount  of  energy  (i.e.  tides, 
wind-waves,  etc.)  available  to  a particular  area  in  the  system  will 
determine  the  type  of  sediment  favorable  for  deposition.  Small  quan- 
tities of  dredged  Pediments  were  estimated  to  move  into  small  craft 
marii'.as  on  the  south  side  of  Carquinez  Strait.  This  shoaling,  however, 
is  predominantly  a function  of  natural  recirculation  of  sediments  in  the 
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system  and  the  location  and  configuration  of  the  marinas  rather  tiinn  a 
direct  result  of  the  location  of  the  disposal  site. 

The  secondary  objective  was  to  provide  additionai  information  on 
the  dynamics  of  tlie  sediment  system  in  the  Bay. 

Wittiin  Carquinei!  .Strait,  tiie  salt  water  wedge  is  a major  factor  in 
the  transport  of  sediments.  Because  of  this,  Suisun  Bay  initially 
experienced  a high  rate  of  deposition  of  dredged  sediment.  The  re- 
sidence time  of  the  sediments,  however,  was  very  short. 

Tl7e  layer  of  active  sediments  (sediment  subject  to  mixing  and 
recirculation)  was  found  to  be  at  less  9 inches.  Limited  amounts  of 
tagged  sediments,  however,  were  found  at  depths  of  over  two  feet  below 
Bay  bottom  in  the  shallows  and  flats,  indicating  that  major  mixing 
occurs  during  and  after  deposition. 

Preferential  movement  of  sediment  under  varying  conditions  in  the 
estuary  was  demonstrated.  This  preferential  movement  supports  the 
theory  that  sediments  experience  a residence  time  in  the  various 
embayments  as  they  tend  to  move  seaward.  With  the  initial  release,  a 
portion  of  the  sediments  are  transported  through  the  deep  water  channels 
to  the  next  embayment  and  dispersed  (i.e.  Central  Bay). 

Other  sediments  are  dispersed  immediately  in  San  Pablo  Bay.  These 
sediments  after  a period  of  time  are  again  subject  to  transport  seaward 
when  circulation  conditions  change.  The  residence  time  coincides  with 
the  annual  climatic  and  hydrologic  cycle. 

This  study  using  neutron  activation  methods  has  demonstrated  that 
fine-graining  sediment  movement  can  be  quantitatively  traced  in  an 
estuarine  environment.  The  demonstration  of  the  dynamics  of  the  sed- 
iment regimes  from  the  tracer  program  has  sho;.m  major  limitation  in 
mathematical  model  assumptions  of  complex  estuarine  areas. 
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The  development  and  use  ol  a neutron-act ivable  chemical  element 
tracer  for  following  the  movement  of  dredged  material  dumped  into  the 
waters  of  San  Francisco  bay  was  sponsored  by  the  U.  S.  Army  Engineer 
District,  Gan  Francisco.  The  work  was  funded  under  the  accounting  clas- 
sification 96  X JI23  O&M  General,  Civil,  Corps  of  Engineers.  This 
report  has  been  submitted  as  a part  of  the  San  Francisco  District's 
overall  study  and  is  incorporated  in  Dredge  Disposal  Study,  Gan  Fran- 
cisco Bay  and  Estuary,  "Material  Release  Study,"  Appendix  E. 

The  research  was  conducted  by  the  Explosive  Excavation  Research 
Eaboratory  (EERL)  of  the  U.  S.  Army  Engineer  V/aterways  Experiment 
Station  (WES)  with  contractual  assistance  by  Stanford  Research  Institute 
(SRi)  of  Menlo  Park,  California.  The  San  Francisco  District  conducted 
the  sampling  program  in  the  Bay.  The  Director  of  EERL  was  LTC  R.  R. 

Mills,  Jr.  The  San  Francisco  District  Engineers  were  COL  J.  L.  Lamir.ie 
and  COL  H.  A.  Flertzheirn,  Jr.  Messrs.  J.  F.  Sustar  and  R.  M.  Ecker  of 
the  Gan  Francisco  District  monitored  the  research  effort  and  devised  and 
conducted  the  sampling  program.  This  report  was  prepared  by  Messrs. 

E.  J.  Leahy,  W.  B.  Lane  ( formei-ly  with  SRI),  T.  M.  Tami , L.  B.  Inman 
(SRi),  W.  R.  Me Loud,  and  Major  h.  J.  Adams. 

Sincere  appreciation  to  t!ie  following  individuals  for  their  con- 
tributions to  this  effort  is  expressed: 

1.  Drs.  Lloyd  Mann,  Ray  Gurmink,  and  Austin  Prindle  of  the  Radio- 
Chemistry  Division,  Lawrence  Livermore  Laboratory,  Livermore, 

California,  for  their  assistance  in  the  preliminary  efforts 
to  analyze  Bay  sediments  by  gamina-ray  spectrometry  and  for  a 
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DKED'JED  DEDH'iFJIT  riO’/EMKIIT  TRACI.'JG  TR 


SAll  FRAJJCISCO  BAY  UTILIZING  riEUTROIi  ACTIVATIOi; 

PART  I:  IRTRODUCTIOn 

Purpose 

1.  Tills  research  was  condicted  for  the  U.  S.  Ariuy  Engineer 
District,  San  Francisco.  Its  purpose  was  to  develop  a technique  which 
would  permit  the  long-term  tracing  of  the  movement  of  'dredged  material 
after  aquatic  disposal  in  San  Francisco  Ray.  The  research  objectives 
were  to  identify  neutron-activable  chemical  elements  suitable  for  use 
as  tracers,  develop  sediment  tagging  and  sample  analytical  methods,  and 
conduct  a large-scale  sediment  tracing  experiment. 

2.  The  first  application  of  the  technique  involved  tagging  and 
tracing  the  movement  of  approximately  1,500,000  ra  (2,000,000  yd'^)  of 
material  dredged  in  the  February-Marcn  197^  time  frame  from  the  Mare 
Island  Strait.  Mare  Island  Strait  is  located  adjacent  to  the  cir.y  of 
Vallejo,  California,  and  serves  as  the  water  access  to  the  U.  3.  Ua.vy' s 
Mare  Island  Naval  Shipyard. 


Scope 

3.  The  report  describes  the  research  efforts  conducted  to 

(a)  identify  the  chemical  elements  suitable  for  use  as  a neutron- 

activable  tag,  (b)  place  the  chemical  element  on  a measured  quantity 

of  sediment  material  from  Hare  Island  Strait,  (c)  introduce  a portion 

of  this  tagged  sediment  material  into  the  dredge  hoppers  d'uring  ;Iredg- 

ing  operations,  and  (d)  analyze  collected  sediment  '.uimples  to  ieter- 

2 

mine  the  concentration  of  released  sediments  in  the  3lf'-km  (02  square 
nautical  miles)  area  in  and  about  Mare  Island  Strai'^.  Interpretation 


* A table  of  factors  for  converting  metric  (Sl)  units  of  measurement 
to  U.  S.  customary  units  is  presented  on  page  7. 
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of  the  sample  data  presented  in  terms  of  sediment  circulation  and  shoal- 
ing will  be  performed  by  the  San  Francisco  District  and  is  the  subject 
of  a separate  report. 

. A complete  listing  of  all  data  collected  during  the  March- 
December  197^  sampling  of  San  Francisco  Bay  is  contained  in  Appendix  A, 
which  is  published  under  sepai-ate  cover.  Copies  may  be  requested  from 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  Technical  Informa- 
tion Center. 

Background 

5.  The  San  Francisco  District  is  currently  conducting  a study 
titled  "Dredge  Disposal  Study;  San  Francisco  Bay  and  Estuary."  The 
basic  objective  of  the  study  and  its  many  study  elements  is  to  assess 
the  impact  of  dredging  on  the  Bay  and  to  recommend  methods  to  mitigate 
identified  adverse  effects  or  enhance  the  marine  environment.  The 
Tracer  Program  of  the  Material  Release  Study  Element,  in  which  the 
dredged  material  was  physically  traced  by  tagging  dredged  material  with 
a neutron-activable  chemical  element,  is  directed  toward  determining 
the  disposition  and  dispersion  patterns  of  dredged  materials  released 
at  the  Carquinez  Strait  aquatic  disposal  site.  The  results  of  the 
Tracer  Program  will  be  used  to  verify  a mathematical  model  of  the  study 
area.  Once  verified,  the  mathematical  model  will  pern'it  studies  to  be 
performed  for  a variety  of  hydraulic  parameters  and  dredge  disposal 
j conditions. 

I 1-3 

s 6.  Previous  tracing  tests  using  a radioactive  material,  gold- 

I 198,  have  been  conducted  in  the  Mare  Island  Strait.  Tliese  tests,  sum- 

I marized  in  Reference  U,  provided  information  on  the  dispersion  of 

I materials  entering  Mare  Island  Strait  but,  because  of  the  short  half- 

life  of  gold  (2.7  days),  did  not  permit  followirg  the  material  movement 
over  a long  period  of  time.  To  follow  the  movement  of  material  over  a 
! long  period  of  time  with  radioactive  tracers,  either  the  quanti  of 

radioactivity  must  be  increased  if  a short  half-life  material  is  used, 
or  a radionuclide  with  a longer  half-life  must  be  employed.  Both 
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aiLernatives  are  objectionable  since  they  pose  certain  radiological 
haz:-irds.  An  alternative  approach  employing  short  half-life  radioactive 
material  is  to  follow  tiie  material  to  a point  and  then  introduce  addi- 
tional radioactive  tracer,  repeating  the  process  as  necessary.  This 
approach  has  not  been  attempted.  It  presents  the  problem  of  intro- 
ducing materials  periodically  in  a mannei-  which  distributes  this  mate- 
rial as  it  would  be  by  the  ijatui’ul  p^-ocesses  of  the  Bay  environment. 

The  method  used  in  this  study  is  neutron  activation.  In  this  method, 
no  radioactivity  is  involved  until  after  the  samples  are  collected; 
thei-efore,  no  environmental  hazard  is  presented,  provided  the  trace 
element  employed  is  either  nontoxic,  or,  if  toxic  at  high  concentration, 
is  employed  in  a very  low  concentration,  or  is  affixed  to  the  sediment 
so  that  it  is  not  available  to  biological  systems.  Also,  neutron  acti- 
vation provides  a very  sensitive  tracing  technique  since  submicrogram 
quantities  of  many  tracer  ele;ments  may  be  detected  with  considerable 
accuracy. 

Meutron  Activation  Technique 

7.  The  technique  of  using  neutron  activation  and  gamma-ray  spec- 
trometry is  detailed  in  numerous  textbooks.  In  the  subsequent  para- 
graphs, a very  brief  outline  of  the  technique  is  presented  for  readers 
not  familiar  with  the  process. 

8.  Many  chemical  elements,  when  exposed  to  thermal  neutrons  in  a j 

nuclear  reactor  or  from  some  othei  neutron  source,  become  radioactive 

by  capturing  neutrons  in  nuclei  of  individual  atoms  of  the  element.  The 

radioactive  atoms  (radionuclides)  of  each  element  thus  formed  decay 

by  giving  off  energy.  This  is  generally  in  the  form  of  an  electron 

(beta  particle)  and  one  or  more  gamma  rays.  Each  radionuclide  in  its 

decay  process  emits  beta  particles  and  any  accompanying  gamma  ray(s)  ( 

at  a distinct  rate.  The  radioactivity  of  a particular  radionuclide  is 

expressed  as  disintegrations  per  unit  of  time,  generally  disintegrations  ! 

per  second  (dis/sec).  The  period  of  time  required  for  a particular  | 

( 

radionuclide  to  lose  50  percent  of  its  activity  by  decay  is  known  as  j 

its  "half-life."  When  the  disintegration  (decay)  process  is  accompanied  I 


by  one  or  more  gamma  rays,  the  gfumna  rays  have  a distinct  enex-gy  which  Ls 
characteristic  of  the  specific  atomic  mass  and  chemical  species  of  the 
decaying  radionuclide  and  serve  as  identifiers  of  that  I'adionuclide.  The 
gamma-ray  energy  emitted  by  a radioactive  material  is  measured  in  either  • 

thousands  of  electron  volts  (keV)  or  millions  of  electron  volts  (MeV). 

197 

9.  As  an  example,  gold-197  ( Au)  when  exposed  to  thermal 
neutrons  forms  gold-198  (^^^A.u)  which  is  radioactive.  ^^^Au  emits  beta 
particles  in  its  decay  process  which  are  accompanied  by  O.lll-MeV  gamma 

198 

rays.  The  half-life  of  Au  is  2.J  days,  l.e.,  after  2.7  days,  one 

198 

would  have  only  one-half  of  the  original  mass  of  radioactive  Au  as 

192 

was  present  at  time  zero.  Iridium-192  ( Ir)  is  also  i-adioactive  and 
results  from  capture  of  thermal  neutrons  by  iridium-191  (^^^Ir).  ^^^Ir 

emits  beta  particles  in  its  decay  process  accompanied  by  a number  of 
gariima  rays  (l5  distinct  gamma  rays).  The  principal  gamma-ray  energies 
are  0.295,  0.308,  0.316,  and  0.468  MeV.  Iridium-192  has  a half-life  of 
T4.37  days. 

10.  Measuring  the  gamma-ray  energies  being  emitted  by  a neutron- 
activated  sample,  with  a suitable  detector  and  a gamma-ray  spectrometer, 
identifies  the  neutron-activable  chemical  elements  present.  If  the 
gamma-ray  emission  rate  and  neutron  exposui'e  of  the  sample  are  known 
(flux  and  time  in  flux),  the  quantity  of  each  of  those  elements  can  be 
calculated. 

11 . In  the  neutron  activation  technique  of  tracing  sediment  mate- 
rials, a small  amount  of  a chemical  element  not  naturally  present  in 
the  sediments  (or  present  in  very  low  concentrations  of  at  least  a 
factor  of  five  less  than  that  being  added)  is  fixed  to  a quantity  of 
the  sediment  and  subsequently  introduced  into  the  environment  of 
interest.  After  some  period  of  time,  samples  of  the  environment  are 
collected,  processed,  neutron  activated,  and  the  gamma-ray  spectra 
determined.  From  this  data,  the  presence  of  the  tracer  can  be  quanti- 
tatively determined.  Knowing  the  tracer  concentration  placed  on  the 
original  quantity  of  sediments  and  the  amount  of  this  material  added  to 
each  hopper  load  allows  the  percentage  of  the  Larger  quantity  of 
traced  and  dumped  sediments  in  a sediment  sample  to  be  determined. 
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PART  II:  TKACEK  EELECTiUU 


CoriditioriG  Al't'ectinK  Tracer  Selection 


12.  In  selecting  the  neutron-acti vable  chemical  element  to  be 
used  as  a tracer  for  a particular  task,  foiar  conditions  must  be  met. 

a.  The  chemical  element  to  be  used  as  the  tracer  must  not  be 
naturally  present  in  any  significant  concentration  in  the 
medium  being  traced  and  the  media  with  wlilch  the  traced 
material  may  mix.  A significant  concentration  could  be 
defined  as  a concentration  that  will  not  permit  addition 
of  a sufficient  amount  of  tracer  to  produce  a quantifi- 
able signal  over  and  above  that  resulting  from  the  amount 
naturally  present.  If  the  element  is  naturally  present 
and  detectable  it  must  be  uniformly  distributed,  i.e., 
t.he  natural  concentration  of  the  element  would  remain 
constant  in  all  samples  to  be  extunlned. 

b.  The  chemical  element  must  permit  homogeneous  labeling  of 
the  material  to  be  traced  and,  for  sediments  in  a marine 
environment,  must  remain  fixed  to  the  particulates  of  the 
sediments  and  not  altei'  their  settling  characteristics. 

The  mass  of  tracer  to  be  added  must  be  compatible  with 
the  mass  of  sediment  material  that  may  be  physically  han- 
dled during  the  tagging  process. 

The  chemical  element  employed  must  not  be  a toxic  sub- 
stance to  the  life  forms  in  the  environment  of  the 
experiment . 


13.  Other  factors  must  be  considered  during  the  tracer  selection 
process  but  are  not  controlling.  For  a rapid  and  least  cost  detection 
teclmique,  one  would  like  to  directly  examine  the  neutron-activated  sam- 
ples. To  permit  direct  examination,  the  trace  element  must  be  detect- 
able in  the  presence  of  background  activities  formed  by  ncutrv'n  activa- 
tion of  the  natural  chemical  elements  in  a sample.  In  maiiy  instances, 

direct  examination  is  not  possible.  P’or  example,  when  tracers  wi  tli  a 

, 2h 

short  half-life  are  used,  the  radioactive  sodium  I Ha  with  a 15-hr 
half-life)  created  when  most  mineral  particles  are  irradiated  wi LI  pro- 
hibit direct  examination  at  early  postirradiation  times;  at  later  times 
the  short  half-life  tracer's  signal  may  have  decayed.  For  long  half- 
life  tracers  when  the  concentration  of  the  tracer  in  a sample  is  low. 
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direct  examination  of  the  sample  may  be  prohibited  by  a poor  sigrial-to- 
noise  ratio.  When  direct  examination  of  the  sample  is  not  possible, 
more  intricate  and  time-consuming  chemical  separations  are  necessary  to 
recover  the  trace  element  for  analysis.  Thus,  in  selecting  a tracer, 
the  cost  of  the  analytical  technique  and  the  cost  of  the  trace  element 
must  be  considered,  and  the  total  cost  minimized. 

1^.  The  physical  facilities  available  for  neutron  activation  are 
also  a consideration  in  tracer  selection.  For  a large  program  involving 
several  thousand  samples,  it  is  desirable  to  irradiate  as  many  samples 
as  possible  at  one  time  to  minimize  irradiation  costs.  Irradiation  of 
large  numbers  of  samples  also  requires  selection  of  a tracer  with  a half- 
life  sufficiently  long  to  permit  the  analysis  of  each  sample  before 
radioactive  decay  reduces  the  tracer  element's  signal. 


Gamma-Ray  Spectra  of  Bay  Sediments 


15.  Figure  1 is  a general  view  of  the  San  Francisco  Bay  area. 
Figure  2,  an  enlargement  of  a portion  of  Figure  1,  shows  the  disposal 
site  for  traced  dredged  material  from  Mare  Island  Strait  and  the  test 
areas  to  be  sampled.  These  consist  of  the  San  Pablo  Bay,  Mare  Island 
Strait,  Carquinez  Strait,  and  Suisun  Bay  areas. 

16.  To  determine  the  gamma-ray  spectra  of  the  sediments  to  be 
dredged  from  Mare  Island  Strait  and  the  sediments  of  the  test  areas  with 
which  the  dredged  material  could  mix,  the  San  Francisco  District  pro- 
vided 21  samples  from  the  locations  shown  in  Figure  2.  The  sediments 

were  dried,  and  two  1-g  samples  from  each  location  were  irradiated  for 

12 

1 hr  at  a flux  of  5 10  neutrons  per  square  centimetre  per  second 

(n/(cm  X sec)).  The  gamma-ray  spectrum  of  each  sample  was  examiried 
about  every  third  day  between  3 and  ko  days  postirradiation.  No  signif- 
icant spectral  differences  were  noted  among  the  samples,  indicating  the 
neutron-activable  chemical  elements  were  uniformly  distributed  in  the 
sediments.  To  further  verify  the  sediments'  gamma-ray  spectra  and  to 
estimate  the  quantity  of  particular  elements,  the  Radio-Chemistry  Divi- 
sion, Lawrence  Livermore  Laboratory  (LLL),  also  analyzed  the  s-imples  in 
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their  computerized  gararna-ray  Gpectral  atiaiysiG  ayotem,  '.lAJi/dJAL. This 

2k 

examination  waa  performed  at  13  daya  postirradiation  to  permit  the  da 
in  the  samples  to  decay  to  an  insignificant  level.  i'igure  3,  produced  by 
the  ILL  counting  system,  is  a 0-2000  keV  plot  of  the  .'Tpcctrum  fi-om  a 
sediment  sample.  The  ordinate  is  total  counts  (66-::iin  counting  sime,, 
cind  the  abscissa  is  the  channel  nurubei’,  which  may  be  converted,  to 
gamna-ray  energy  in  keV  by  dividing  by  2.  In  the  figure,  each  .major 
garrana-ray  photon  peak  is  labeled  as  to  its  energy  in  keV, 

17.  The  GAl'lAilAL  program  also  Identifies  the  radionuclides  present 
and  assigns  a percent  of  error  to  the  identification.  The  30  nuclides 
identified  iu  the  Bay  sediments  are  listed  in  Table  i.  Again,  no  sig- 
nificatit  diffei'ences  were  noted  in  the  activation  products  of  any  sample. 
Caution  is  required  in  using  this  listing  for  other  than  rough  estimates 
since  the  GAfWIAL  Code  was  designed  for  analysis  of  fission  product  mix- 
tures and  not  thermal  neutron  activation  products.  In  addition,  the 
efficiency  of  the  system  for  the  sample  geometry  was  not  determined.  As 
a result  of  the  code  construction  and  the  assumed  geometry,  some  nuclides 
are  identified  which  do  not  result  from  thermal  neutron  activation,  and 
the  quantities  are  overestimated. 

18.  To  obtain  quantitative  concentration  information  for  the 
thermal  neutron-activable  chemical  elements,  similar  sediment  samples 


* The  GAMAWAL  program  is  primarily  intended  for  complete  computer 
analysis  of  high-resolution  gamma- ray  spectra  obtained  from  mixtures 
of  radioactive  species  such  as  fission  products.  For  this  purpose, 
it  examines  the  pulse-height  data  for  "background"  atid  "peak"  re- 
gions, fits  these  peaks  with  the  proper  shape  functions,  and  corrects 
for  the  effects  of  geometry,  attenuation,  and  detector  efficiency  in 
evaluating  the  photon  emission  rate  and  for  nonlinearities  in  the 
equipment  in  setting  up  an  energy  scale.  These  intermediate  results 
are  listed  and  plotted;  if  no  further  data  reduction  is  requested, 
the  program  goes  on  to  the  next  spectrum.  Otherwise,  it  proceeds  to 
search  a "library"  of  decay  scheme  information  in  order  to  make  ten- 
tative assignments  for  each  of  the  peaks.  This  collection  of  "candi- 
dates" is  examined  for  interactions  between  the  photopeaks  of  the 
proposed  nuclides  and  is  divided  into  sets  of  species  which  interfere 
with  each  other  at  any  point.  A least-squares  solution  of  the  cor- 
responding set  of  simultaneous  equations  is  made,  and  the  amounts  of 
various  components  originally  present  are  calculated  and  listed, 
along  with  their  estimated  errors. 


l6 
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Table  1 


lJuclides  IdentiTied  by  the  'WlAilAL  Code 


df  lirnma  AnaLyyia  of 


1060  Soil 


KjqjerL'nent  No. 
Sample  Nu;ntior 


Zero  Time 


Sa.Tipie  Weight  = I.OOOE+Oo 
Norma lir.ation  Weighl  = l.OOOE+00 
■Noi-mal  iration  Factoi-  = l.OOOE+00 


Midtime  ol  Count 
Decay  Time  ia 


lli'.Voy 

13. 11.1.  D-.y.; 


kiomt  t ry 

is  CM 

MLR 

Live-Time  of  Count 
(Taken  from  Channel 

Leas' -Squares  Results 

1) 

66. cV  Min.;. 

!Iuc*i.ide 

Dis/min  at 
Count  Time 

Dis/min  at 
Zero  Time 

Atoms  at 
Zero  Time 

Percent 

Error 

Sot  No. 

Qfi  t « 

I'!'  r;* : :'lzh ' ion 
CoriXidenoe 
Value 

sc  1)6 

4 . ,'48E+05 

5.293E+05 

9.224E+10 

1.2 

1 

3.  ■ 

^ ^ . 

CR  51 

3 . 584E+05 

4 . 976E+05 

2.866E+10 

2.2 

1 

3.9 

-'.77 

NCi  5I* 

1.424E+04 

i.4o6e+o4 

9.511E+09 

6.1 

2 

1.0 

FE  59 

2.850E+05 

3.496E+05 

3.239E+IO 

1.3 

1 

3..' 

1.  .. 

CO  58 

4. 48 IE +03 

5.092E+03 

7.541E+06 

25.7 

1 

3.9 

CO  6- 

4.003E+04 

4.022E+04 

I.6O6E+II 

2.3 

1 

• f-- 

ZM  o5 

2.445E+04 

2.538E+04 

I.292E+IO 

8.1 

1 

• 't  • 

HR  82 

4 . 72IE+03 

2.320E+0tu 

7.O85E+09 

7.7 

3 

1. 

i.f 

RB  86 

4.934E+04 

8.039E+04 

3.II6E+09 

11.3 

4 

1.0 

.»fJ  99 

4.806E+02 

1 . 317E+C4 

7.528E+07 

20.8 

5 

1." 

RU  103 

3-514E+03 

4.423E+03 

3.838E+O8 

10.9 

b 

1.0 

.41 

SB  122 

3.6OOE+03 

9.769E+04 

5.6OOE+O8 

16.2 

7 

1.0 

.4' 

SB  121) 

I.552E+O3 

1.806E+03 

2.''61E+08 

18.0 

7 

1.0 

1- 

SB  1)20 

7.578E+02 

3.645E+03 

4.39iE+07 

G8.9 

1 

3.9 

O.'al 

TE  132 

6.955E+02 

1.157E+04 

7.788E+07 

68.2 

1 

3. '2 

0.’^4 

C3  I3I+ 

5.913E+O3 

5 . 985E+03 

9.26IE+09 

9.0 

7 

1.0 

0.97 

BA  ll)0 

1.218E+04 

2.482E+04 

6.598E+O8 

4.8 

1 

3.9 

l.Of 

CE  111 

1.433E+>  4 

1.898E+04 

1.277E+09 

1.9 

8 

1.0 

.74 

iro  i4? 

4.225E+03 

9.643E+03 

2.2IIE+O8 

43.7 

X 

3-9 

■ 77 

SM  153 

3.812E+04 

4.175E+06 

1.682E-HO 

6.3 

1 

EU  152 

I.51OE+04 

1 . 5I3E+04 

] .608E+II 

5.3 

1 

■ . ■ 

TB  160 

5.844E+03 

U.63J-E+O3 

■.93IE+08 

I0.4 

TM  160 

1 .662E+03 

I.832E+03 

3 . 543E+O8 

51.0 

i 

LS  177 

c?. 

9.954E+04 

I.37IE+09 

19.0 

1 

3.  ■ 

HF  181 

1.517E+04 

1.88ie+o4 

I.658E+O9 

3.7 

1 

1. 

TA  182 

3.674E+03 

3.977E+03 

9.498E+08 

17.8 

1 

• . -f 

AU  199 

6.271E+03 

I.13IE+05 

7.399E+08 

15.4 

1 

PA  233 

2.658E+04 

3.725E+04 

2.089E+09 

4.3 

1 

UP  239 

7.722E+03 

3 . 709E+05 

I.813E+09 

13.^ 

1 

. ■ 

AM  241 

4 . 97IE+03 

4 . 972E+03 

1.614E+12 

50.3 

1 

* Measure  of  reliability. 
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were  anaiy;'-ed  by  the  Uriiveiaiity  o!’  Caiiforiiia,  iier/.eiey,  liuciear  Kngi- 
neerint'  hV-actor  [laboratory.  Table  2*  presents  the  results  of  thi ;;  anal- 
ysis obtained  from  a series  of  therraal  neutron  activation  experiments. 
The  quantities  of  51  neutron-activable  elements  in  parts  per  million 
(ppm)  of  dried  sediments  were  determined.  Additional  analyses  of 
iridium  and  rare  earth  elements  in  the  Bay  sediments  were  performed  by 
the  Department  of  Iluclear  Engineering-',  iJorth  Cai-olina  State  University 
at  Raleigh,  Nortii  Carolina.  Their  measured  conceritrations  are  shown  in 
iable  3.** 

19.  It  will  be  noted  that  the  iridium  concentration  reported  in 
Table  2 differs  from  that  in  Table  3-  Tills  difference  is  believed  to 
liave  resulted  from  iridium  contamination  in  the  sample  provided  to  North 
Cai’olina  State.  Additional  analyses,  to  be  discussed  later,  were  con- 
ducted to  resolve  this  difference. 


Identification  of  Potential  Tracer  Elements 

20.  With  tne  ga'ima-ray  specti'um  and  approximate  concentration  of 
the  naturally  occurring  neutron-activable  elements  in  Bay  sediments 
known,  identification  of  candidate  cliemical  element  tracers  was  accom- 
plished by  examining  the  neutron  activation  products  of  all  stable 
chemical  elements.  In  turn,  these  activation  products  were  examined  for 
their  detectability  by  gamma-ray  spectrometry  and  their  physical  and 
chemical  properties  (half-life,  gamma-ray  energy,  and  chemical  valence). 

21.  li.  P.  Yule^  has  experimentally  determined  the  gamma-ray 
photopeak  yields  and  limits  of  detection  for  ll8  reactor  thermal  neu- 
tron products  of  all  elements  from  oxygen  through  lead,  except  for  Ne, 

Kr,  and  Xe.  His  work  was  accomplished  with  a 1-hr  irradiation  in  a flitx 
-LO  ^ 

of  U.3  X 10  n/(cm‘”  x r.ec)  using  an  instrumental  analysis  (76.2- 

X 76  .2-imn  (3-  ><  3-in.)  solid  tliallium-activated  sodium  iodide  iJal  (I’l) 


* Memo:  Messrs.  C.  Cann  and  Tek  Dim,  University  of  California,  to 

E.  Leahy,  EERL,  dated  19  Peb  191^- 

**  North  Carolina  State  University,  Nuclear  Energy  Uervices  Activation 
/maly.sis.  Report  Ho.  5096I,  dated  7 Eeb  197**- 


T'lble  2 


Concentrations  of  Ma/or  Constituent  and  Trace  Elements  in  Mare  Island 
Sediments  in  'arts  Ter  Million  of  Dried  Sediments* 


Ma  joi- 

Trace 

A1 

35000 

+ 

3500 

Zn 

410  - 

60 

Yb 

0.6  - 0.1 

Mu 

2:^000 

+ 

2300 

Cu 

350  ^ 

170 

Th 

0.52  - 0.06 

Na 

19500 

200 

Mn 

300  - 

40 

Hf 

0.50  - 0.06 

K 

16000 

+ 

1600 

Br 

220  - 

20 

Ho 

0.23  - 0.03 

Fe 

5800 

+ 

600 

Ba 

200  - 

50 

Lu 

0.21  - 0.03 

Ca 

4000 

+ 

500 

V 

68  ^ 

7 

Mo 

< 170 

Cl 

2100 

+ 

200 

Cr 

25  - 

3 

Pd 

<160 

Ti 

2100 

220 

Rb 

20  - 

3 

Ge 

<110 

I 

+ 

- 

2 

Nb 

<30 

As 

10.7 

- 1.3 

Te 

<19 

Gs 

10  - 

2 

Hg 

<7 

Ce 

5.8  ^ 

0.7 

Ni 

<6 

Co 

3.5  - 

0.4 

Cd 

<5 

Sc 

3.2  ^ 

0.3 

Os 

<0.6 

La 

2.6  ^ 

0.3 

Zr 

<0.5 

Sm 

1.4  ^ 

0.4 

Pt 

<0.2 

Eu 

1.2  ^ 

0.2 

Ag 

<0.2 

Cs 

+ 

1.1  - 

0.2 

Se 

<0.15 

Tm 

1.1  ^ 

0.2 

Ta 

<0.06 

W 

0.7  - 

0.2 

In 

<0.007 

Sb 

0.64  - 0.11 

Au 

<0.003 

Ir 

<0.0005 

As  determined  by  the  Nuclear  Engineering  Reactor  Laboratory,  Univer- 
sity of  California,  Berkeley. 
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Table  3 


Rare  T.'arth  oenjltivitie;;'  'ind  Concentration.;’" 


round  ■ 


Isotope 

Irradiation  Time 

Decay  Time 

len.sitivlty 

1 'T' 

Mud 

Ir-192 

>1  hr 

50  days 

5 ppb 

0.00^ 

- 0.00: 

Th-loO 

hr 

ho  days 

300  ppb 

o.oh 

- 0.01 

"U-152M 

10  min 

10  hr 

700  ppb 

< 

0.7 

no-'i'"' 

U hr 

■'  days 

250  pnb 

< 

0. 

Rm-153 

!-  hr 

■'  days 

200  ppb 

If  7 

- 0.09 

Id-159 

1+  hr 

days 

1 ppm 

< 

1 .0 

Lu-177 

' . f 1 

20  d-ys 

250  npb 

< 

0.^ 

1."‘ ■ iej  -ire  on  the  banin  of  the  activity  of  "i 

r.i  -nnerlmnorred  on  the  activity  in  the  mud  (i.e..  ■■  ■'pihed  r.'jd 
. ancle)  .-.iti;  ’.-ll  experimental  parameters  Identified. 

deterr.i !.ed  by  department  of  iiuclear  .nngineerinp , IJorih  inrolina 
■‘••‘e  In ■ ver.c'j ty  at  aa.lelgh,  ifcrth  Carolina. 

cry.ctai  and  no  l.nterfer irig  elements).  This  '^ork  was  selected  for  screen 
'.ny  Che  neutf! 'ii-.act i vable  elements  since  it  was  conducted  with  a reactor 
thernai  neutron  flujc  which  is  available  at  a reasonable  cost  pei-  react' a- 
:..ur.  The  lenei’al  Atomics  TRIIA  reactor  used  by  Yule  also  permits  irra- 
diation of  large  numbers  of  samples  at  one  time.  Other  reactor  facili- 
ties do  exist  which  will  permit  sample  irradiation  in  a variety  of  modes 
but  none  were  found  that  allowed  processing  t)ie  nu-mber  of  s;unples  en- 
visioned at  the  low  dollar  val\ie  possible  in  the  TRIGA  type  reactor. 

2C.  In  reviewing  the  thermal  neutron  activation  products  listed 
by  Yule,  the  following  operational  factors  were  considered  in  selecting 
the  candidate  chemical  elements  to  be  considered  as  tracers; 

a.  Since  several  tliousand  samples  ’were  to  be  irradiated,  a 
TRI'IA  type  reactor  would  be  used  because  it  permits  i-;- 
more  samples  to  be  irradi.ati  l in  a i^ingle  batch. 
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To  prevent  contamination  of  tliC  reactor  I'acllity,  sarrjplen 
for  irradiation  would  be  encapsulated  in  sealed  aluirdnum 
contc.iners  within  a secondary  Irradiation  capsule.  For 
safety  consideration,  the  radioactivity  generated  in  the 
sample  plus  that  generated  in  the  aluminum  container 
would  require  a US-lur  cooling  time  before  removal  of  tlie 
samples  from  the  reactor  to  permit  short  half-life  nu- 
i elides  to  decay.  Considering  transportation  time,  ap- 

proximately 60  hr  would  elapse  before  sampile  exai.Tination 
could  commence. 

; c_.  The  mode  and  operational  cycle  of  the  dredge  dictated  the 

1 quantity  and  time  at  which  the  tracer  could  be  introduced. 

[ . In  its  normal  operational  mode,  the  dredge  filled  its 

I hoppers  and  overflowed  an  amount  of  material  until  a maxi- 

( mum  load  was  acquired.  Its  cycle  time  from  channel  clear- 

i ance  to  arrival  at  the  dump  site  was  approximately  20  min. 

Thus,  to  prevent  inadvertent  contamination  of  the  channel, 
tagged  sediments  would  have  to  be  added  after  the  dredge 
, cleared  the  channel.  The  physical  facilities  for  sedi- 

ment tagging  and  the  logistics  and  time  constraint  of 
adding  the  tagged  material  to  the  dredge's  hoppei-j 
limited  the  total  tagged  sediment  that  could  be  employed 
to  approximately  9-1  ^ 10^  g (20,000  lb). 


The  tracer  must  be  detectable  after  dilution  in  the  Bay 
by  the  anticipated  load  of  sediment  with  wliich  the  tagged 
dredge  material  might  mix.  Approximately  1.5  10^  m^ 

(2  X lo6  yd3)  or  a mass  of  approximately  6 x lO^^  g 
(1.3  ^ 109  lb)  were  to  be  dredged  assuming  l*U8.3-kg/m^ 
(28-ib/ft3)  in-place  dry  density.  This  mass  could  be 
fui'ther  mixed  with  approximately  7-6  x lO^ 

(l  X loT  yd3)  of  sediments  or  3.^  x 10l2  g (7.5  x io9  lb), 
the  estimated  yearly  influx  of  sediments  to  the  San 
Francisco  Bay.^ 

e_.  The  gamma-ray  energy  of  the  tracer  was  desired  to  be  as 
high  as  possible  to  maximise  the  signal-to-noise  ratio. 

The  low-energy  regions  of  the  gamma-ray  spectra  are 
harder  to  analyze  than  the  high-energy  regions. 

23.  The  above  operational  factors  resulted  in  criteria  for 
selecting  candidate  tracers  as  follows: 


a^.  The  tracer  half-life  should  be  sufficiently  long  to 
insure  the  signal  would  not  be  significantly  degraded 
through  radioactive  decay  during  the  time  from  neutron 
activation  to  saiaple  examination. 


The  quantity  of  tracer  employed  must  be  fixed  to  approxi- 
mately 9-1  ^ 10°  g (20,000  lb)  oJ'  sediment  without  alter- 
ing the  sediment's  settling  cliaracteristics . For  screen- 
ing purposes,  tlie  authors  established  that  the  mass  of 
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tfacer  to  be  u;Jed  could  riot  exceei  i percent  wf  the  mac.: 
to  bo  taf^c^ed  O.OlO  ■'  tracer/;;  ')•'  .-,edLment  (c/s)- 

I'ne  tracer  inust  be  ietectabje  artc-r  ' nc  rnixi  of  the 
t;i(;t;ed  aedinients  with  the  estimated  yearly  inifux  of 
sediments,  3.^+  x 10-12  g. 

f'4.  Using  the  above  criteria,  tiie  r-adionuclides  iistea  in  Table  t 
^er<‘  -•xajiiLiied,  and  each  radionuclide  -^-as  rated  as  to  its  potential  for 
use  as  a tracer.  The  data  in  Table  , except  for  the  concentration  of 
L-lements  in  the  sediments,  are  from  Reference  o.  Element  concentration.-- 
are  from  Tables  2 and  3. 

-1  -i, 

25.  In  the  minimum  detection  r-atige  of  10  to  !.0  so,  only  r:i-s 
(''^^Au)  was  a possible  tracer.  All  other  elements  were  r-e.'ected  tecaue-,- 

;■  their  short  half-life  or  high  natural,  abundance  In  the  Eay  sediments. 

As  an  example,  at  60  hr  postirradiation  time  the  signal,  gamma-ray 

152jn_ 

emission  rate,  from  Europium  ( Eu)  with  a 9.3-hr  half-life  would  be 
reduced  by  radioactive  decay  to  about  1.1  percent  of  its  original  value. 
In  addition,  to  add  sufficient  Eu  to  the  Bay  sediments  being  Ired.ged 

T 

Increase  the  Eu  content  by  a factor  of  10  would  require  7 10'  g 

;i5-’(,000  lb) — more  mass  tlian  the  9. 1 x lo'^  g (20,000  lb)  to  be  tar.-ei. 

— —3 

26.  In  tne  minimum  detection  range  of  10  to  10  yg,  only 

rhenium;  «e)  a.nd  iridioir.  ( ' Ir)  were  possibly  suitable,  and  Dcth 

were  rejected  because  of  their  short  tialf-lives  which  uy  oO  )jr  pos',.- 
irra-iiation  time  would  reduce  their  signals  to  less  than  12  percent  of 
their  v-alues  at  the  end  of  neutron  activation. 

-3  -2 

27.  In  the  minimum  detection  range  of  10  to  10  ug,  rhenium 

(^^^Re)  and  iridium  (^^^Ir)  were  selected  as  possible  tracers.  Their 
long  half-lives  (^'^^Re,  90  hr  and  days)  would  produce  suit- 

able .signals  after  60  hr  of  decay. 

-2  -1 

28.  The  nuclides  with  detection  ranges  between  10  and  10  ug 

1 3?  1.00 

w--re  also  examined,  and  tantalum  Ta)  and  terbium  ( Tb)  were  lien- 
tifiel  a.s  possible  tracers. 

29.  V/ith  the  possible  candidate  tracer  elements  identified,  'act* 
element  was  examined  to  determine  wiiich  wa.'  * iie  mo.st  .suitable  Iti  -ferr-i!?. 
'■f  technically  satisfying  the  task  objectives  wliile  minimizing  cost, 
fable  5 lists  the  elements,  radiMnuciide  of  interest,  certain  rfiiysical 
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Table  h 

Minimiun  Detect  Ion  Ranf;e  of  Reactor  Thermal  Neutron  Products 


Minimum 

Petection 

r<atig63 

of. 

Nuclide 

Half-lire 

Knergy 

;teV 

Concentration 
ppm  of 

Dried  Sediment 

Useful 

Traces* 

-5  -4 

10  ^ to  10  ^ 

56 

^ Mn 

2.58  hr 

0.84 

300 

No  - 1 

ll6mT- 

In 

54  min 

1.27 

0.007 

No  - 1 

12«^ 

25  min 

0.455 

15 

No  - 1 

1 

2.70  days 

0.411 

0.003 

Possible 

0.3  hr 

0.9f')l 

1.2 

No  - 1,  ; 

75  nec 

0.108 

— 

No  - 1 

1 

f 

2.3  hr 

0.94 

— 

No  - 1 

lO"'*  to  10'^ 

'•^Ar 

l.«3  hr 

1.29 

— 

No  - 1 

'-"sc 

20  sec 

0.140 

3.2 

No  - 1 

3.76  min 

1.44 

68 

No  - 1 

Br 

1.5  days 

0.55  t 0.63 

220 

No  - 2, 

134m^g 

2.q  hr 

0.127 

1.1 

No  - 1 

l30m,.^ 

5.  5 hr 

0.216 

0.5 

No  - 1 

188„ 

Pe 

16.7  hr 

0.155 

--X* 

No  - 1 

WUlr 

19.0  hr 

0.328 

< 0.0005 

No  - 1 

1533, 

1.94  day.-. 

0.102 

1.4 

No  - 3 

27.3  hr 

o.ofto 

0.23 

No  - 1 

1 

171,, 

7.5  hr 

0.301 

— 

No  - 1 

-3  -2 

10  ^ to  10 

24,. 

.^a 

15  hr 

1.37 

19,500 

No  - 3 

1 

gP 

A1 

2.3  min 

1.78 

35,000 

No  - 1 

r 

70m„ 

Co 

10. 5 rain 

0.050 

3.5 

No  - 1 

('Continued) 


♦ 1.  Half-life  too  short. 

2.  Underirable  chemical  cl.aracteristl-'s. 

3.  natural  abundance  In  the  F-.ay  sediment..^. 
'■  Fstima^ed  to  he  abou*"  0.001  ppm. 


(Sheet  1 of  3) 
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■!!  1 (.■  I.  '’'’on*  Imif-d) 


Minimum 
Dete.'*  ion 
Han(7e 
Lli? 

'lU'-liJe 

Half-life 

P.'nerpy 

‘AeV 

Oonceri+.ra*  ion 
pprn  of 

Dried  Sediment 

"'■el'ul 

ra^es 

10  ^ to  10 

1?.«  hr 

0.51 

350 

ho  - 3 

• . : nr 

0.83h 

10 

:o  - 3 

:.10  d-iV;; 

0.555 

10.7 

';0  - • 

• ' 1 ». 

• 1 min 

0.1  Oh 

0.15 

::o  - 1 

! 

?.  hr 

0.388 

-- 

■;o  - 1 

1 

lOtr.,, 

mi:‘. 

0.55'^ 

-- 

ho  - 1 

1 

lOP. 

Ap- 

?'t  rec 

0.656 

0.2 

'.'0  - 1 

j 

?.3  min 

0.630 

0.2 

ho  - 1 

AQ  min 

0.?h 

< 5 

rio  - 1 

122sb 

?.^3  day. a 

0.  566 

0.6!+ 

Ho  - 3 

83  min 

0.163 

200 

‘lo  - 

1.0  days 

0.  h8? 

0.7 

ho  - 3 

hO.2  hr 

I.61O 

2.6 

. Jo  - 3 

1.8  hr 

0.211 

— 

To  - 1 

159od 

18.5  hr 

0.361+ 

< 1.0 

ho  - 1 

1.9  hr 

0.11(7 

0.6 

No  - 1 

6.8  days 

0.208 

0.21 

No  - 3 

19^1, 

7k.  !i  days 

0.316 

< 0.0005 

Possible 

1 

00  hr 

0.137 

__  ** 

Possible 

lo'^  tc 

3 lO”^ 

’f'ci 

37.3  hr 

1.61+ 

2,100 

No  - 1,  3 

1?.5  hr 

1.53 

16,000 

ho  - 1,  3 

115cd 

3k  hr 

0.335 

< 5 

No  - 3 

hi  min 

0.153 

-- 

Wo  - 1 

l='*Sb 

60  days 

0.603 

0.61+ 

No  - 3 

( Continued) 

**  Estimated  to  be  about  0.001  ppm.  (Sheet  2 of  3) 
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Table  1|  (Concluded) 


i 


Nlinimur. 

Detection 

Range 

u.g 

Kuclide 

Kal  r-  li  f'e 

Energy 

VeV 

Concent  ration 
ppm  of 

Dried  Sediment 

Useful 

'iraces 

-P  -1 

10  to  10 

5-8  min 

0. 32 

2,100 

Ilo  - 1,  3 

13.8  iir 

0.44 

410 

Ho  - 1,  3 

"^^Ge 

1. 4 hr 

0.264 

< 110 

Ho  - 1,  3 

^Sb 

1.0  min 

0.56 

20 

Ho  - 1,  3 

97zr 

17  hr 

0.750 

< 0.5 

Mo  - 1 

14.6  min 

0.191 

< 170 

Mo  - 1 

^^Mo 

66  hr 

0.141 

< 170 

No  - 1 

1°«RU 

4.  5 hr 

0.72 

— 

!lo  - 1 

109mpd 

li8  hr 

0.19 

1 

^°‘5pd 

13.6  hr 

0.088 

160 

Mo  - 1 

1 

131-.e 

25  min 

10 

Mo  - 1 

1 

115  days 

1.122  + 1.222 

0.06 

Possible 

iS^ntpa 

16  min 

0.147  + 0.172  + 
0.184 

0.06 

,7o  - 1 

199pt 

30  min 

0.318 

0.2 

No  - 1 

24  hr 

0.133 

7 

Ho  - 1 

1.37  days 

0.294 

5.8 

No  - 1 

li^Pr 

19  hr 

1.57 

— 

No  - 1 

l^°Tb 

73  days 

0.299 

0.04 

Possible 

c}iara’j’wu‘i-:x;tic-;,  quaiitit;/  roqaired,  ami  estimated  cost.  The  amount  of 
element  re-juii'eu  i s the  maount  necessai’y  to  exceed  by  a factor  of  10 
the  quantity  of  ttiat  cheiaicai  element  naturally  occurrln(3  in  the 
3.J;  ■'  10‘^‘^'  tl  oV  seuiment  assumed  as  the  annual  sediment  load  with  which 
the  traced  di'edt^ed  .material  could  mix. 

30.  From  Table  S,  it  can  be  seeti  that  cold,  rheniuta,  and  iridiwa 
Were  the  only  suitable  chemical  element  candidates  considering  cost  and 
tine  quantity  of  tracer  that  could  he  placed  on  the  9.1  x 10^  g 
{d0,000  lb)  of  sedl.ment  to  be  Lagged,  iiach  of  the  chemical  elements  had 
no  cheiaicai  cnaracter istics  wliich  would  prohibit  their  use  as  a che.mical 
element  tag. 

31.  For  the  tliree  candidate  tracer  elements,  Table  6 indicates 
the  concentration  on  tiie  sediments  to  bo  tagged,  the  concentration  in 
tiie  dredged  material  at  the  time  of  release,  and  the  possible  concentra- 
tion in  samples  to  be  collected  assuaiing  dilution  occurs  by  the  esti- 
mated yearly  influx  of  sediments  into  the  Bay. 

32.  With  the  possible  concentrations  of  each  tracer  element  de- 
termined for  the  saiaples  to  be  collected  from  the  Bay,  analysis  methods 
were  Investigated  to  determine  the  candidate  element  based  on  minimum 
overall  cost  (tracer  pui’chase  price  plus  analysis  cost)  and  raaxim’om 
tracing  sensitivity. 


Methods  of  Garni  le  Analy S2_s 


■ irect  sai.iple  examination 

33.  As  su-eviously  noted,  the  detection  limits  stated  by  Yule 
were  an  instrumental  analysis  when  no  itr  erfering  elements  were 
j.re.'iL-n'  . to  deter.mino  tiie  detection  limits  for  a iitliium-drifted  germa- 
ii’um  lioi-;.,  Ge(Ll),  syst.em,  1-g  samples  of  sediments  were  spiked  with 
varsn-  oencentrations  of  each  candidate  element  and  neutron-activated, 
■eu  trace  element  concentrations  employed  were  equal  to  those  shown  in 
able  '1  for  the  dreuged  material  at  the  time  of  release  and  after  dilu- 
tion by  ti'.e  a :sui:.ed  sediment  inflow  to  tlie  Bay. 

•■'i.  i.xamination  of  these  samples  at  postirradiation  times  from 


35 


1 


6o  hr  to  30  days  indicated  that  a suitable  aiifnal-lo-uoise  ratio  could 
not  be  obtained.  At  early  postirradiation  times,  the  short-lived  nu- 
clides resulting  from  the  natuj-ally  present  elements  in  the  sediments 
masked  the  trace  elements'  signals.  At  later  times,  radioactive  decay 
reduced  the  gold  and  I'henium  signals.  Iridium  could  be  detected,  but 
the  signal-to-rioise  ratio  was  not  satisfactoi-y  below  1 x 10  ^ g Ir/g  of 
sediment.  Thus,  examination  of  the  gross  spectra  was  not  feasible  and 

chemical  separations  were  indicated  since,  from  Table  6,  a detection 

-9 

sensitivity  of  at  least  1 x 10  g Ir/g  of  sediment  is  required. 


Chemical  and  radio- 
chemical  separation  techniques 

35.  To  separate  the  trace  elements  from  tlie  sediments  so  tiiat  an 
instrumental  analysis  without  the  interference  of  other  elements  could 
be  performed,  chemical  separation  using  dissolution  and  precipitation 
methods,  radio-chemical  separation  using  dissolution  and  carrier  separa- 
tion, and  fire  assay  procedures  were  investigated  with  the  following 
results; 

■a.  Chemical  separation  is  not  possible  since  the  quantity  of 
tracer  materials  even  in  a large  volume  sample  is  too  low 
to  precipitate. 

Radio-chemical  separations  are  possible  using  dissolution 
and  carrier  separations.  However,  they  were  judged  to  be 
costly  because  of  the  amount  of  material  that  had  to  be 
irradiated,  the  safety  measures  required  for  iiandling  the 
radioactivity,  the  need  for  time  scheduling  of  operations 
to  minimize  the  decay  of  the  short  half-life  nuclides  of 
gold  and  rhenium,  and  the  difficulty  of  dissolving  the 
sediments . 

c.  Fire  assay  procedures  were  found  to  be  feasible  and  less 
costly.  Fire  assay  is  a process  routinely  used  in  the 
assay  of  ores  for  noble  metals.  Briefly,  in  the  fire 
assay  process  finely  divided  ore  is  mixed  with  lead  oxide, 
a reducing  agent  such  as  starch,  and  fluxing  materials, 
sodium  carbonate  and  borax.  This  mixture  is  lieated  until 
it  melts.  Upon  melting,  the  mlxtui’e  sejiarates  into  two 
liquid  pliases  with  the  ore  staying  on  top  in  a slag  phase 
and  with  tiie  noble  metals  jilus  a few  otlier  elements  con- 
tained in  the  heavy  metallic  load  phase  on  the  bottom. 

36.  The  fire  assay  process  can  be  performed  on  tiie  Bay  sediment 
samples  prior  to  neutron  activation  and  thu;;  permits  the  use  of  a large 


;.ia33  (uti  to  iO''  g)  o!’  sediinent  :.'i.utufjaL.  It  i /ely  conceutratoo 

' he  olt.'meuta  of  iaterect  plus  a few  uiiwautod  oiemeiita  from  the  lai'r.e 
aed Lmt.-nt  maos  while  oliininatirifj  iiiany  eiemerits  which  ; roduce  undesirable 
!U'l.je  in  a sajjiple  being  counted. 

37-  Figure  u presents  tlie  g:iiruaa-ray  spectra  of  a neutrori-nct ; vat'  i 
sediment  SiUiiple  in  curve  1 and  the  specti'a  after  the  same  sediment  was 
f in.— assa.yed  and  t’ne  iridium  collected  in  a raetallic  lead  ])ellet  in 
citrve  2.  Both  spectra  were  measured  at  the  saiiie  postirradiation  time 
• f 9 day.j.  From  the  i'igure,  it  can  also  be  seen  that  most  of  tlie  :;hotor- 
neaks  in  tiie  sediment  sample  (c-.u've  l)  are  abseiit  in  the  lead  pellet 
(curve  2),  Uiat  the  noise  level  ciu've  2 is  reduced  over  its  entire 
<-nergy  range,  and  that  the  iridium  pihoton  peaks  ( 0.316  and  0.1)68  MeV ) 
are  more  cJ early  defined  in  curve  2. 

38.  There  are  methods  of  separating  the  noble  elements  from  the 
lead  by  cupellation,  but  tliecc  add  costs;  and  our  experimental  evidence 
indicated  unacceptable  losses  of  the  iridium. 

Selection  of  Tracei-  Klei.'ient 


39-  As  previously  indicated,  tiie  candidate  tracer  elements  wor-. 
gold,  rhenium,  and  iridium.  On  a cost  basis,  since  each  w.-is  ;ii,ienable  to 
the  fire  assay  process,  gold  was  eliminated  as  a potential  tracer  due  to 
its  high  initial  purchase  cost.  From  the  above  evidence,  fii’e  assay  wa.- 
Judged  to  be  not  only  sati.sfactor.y  but  also  necessary  to  measure  low- 
iriclium  concentration  sediments. 

1»0.  Iridium  and  rhenium  were  further  investigated  to  determine 
wiiich  element  was  the  most  suited  to  tlie  task  from  technical  and  cost 
ounsiiierations.  In  Table  ?,  tiie  cost  to  accomplisti  tlie  tracing  opera- 
tion for  rtienium  is  indicated  to  be  from  $li-';,800  to  .j]  ill;,  niO  ie-pt.-nding 
on  tiie  cost  Infoimiation  source,  and  the  iridium  cost  wa.-  "suimated  to  be 
$136,000.  Taking  the  lower  value,  rlienium's  initial  cost  is  one-third 
•-.hat  of  iridium,  but  in  the  fire  assay  proce.ss  and  spei.'tr.'i),  resolution 
rhenium  presents  certain  teclinical  jiroblems  duo  to  its  li  w gamma- ray 
ener;^  of  0.1  ->7  MeV  and  its  90-lir’  iialf-life. 
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0.7b  G OF  bAV  SEDIVENTS  ■ lO'?,  |i  6 OF 
1-HR  IRRADIATION  AT  b - 1012N  / CM^  > SECi 
0 OATS  decay 
COUNTING  TI’.'E  - bOO  SEC 


ON^,(il02)89£l 


3S-J6tp9«)2ll  I 


»d..(0S82)20rt 


33-^(12201)688  0 


0lQ^,(fiSlC)981»  0 


(il)OifrO 
'l2g^{0VW99h  0 
(^£)tF9frO 


I_-,(2ifrl)89fr  0 


,(69^l)lltR  0 


O,^(l^iC)02C  0 
(6Z22)8iC  0 . , 
Iz^^(/6i2)9tC  O 
(6C8:)t»ifO 


(0^)02C  0 
l2g,(OiOD9l£  0 
(Z6)2l£  0 


similar  sediment 


1*1. 


The  low  f>;ium.'!a-ray  enerf/y  places  the  rheniuri  sifjnal  In  •'he 
portion  of  the  spectra  which  has  a hif^h  noise  level  duo  to  the  'Joiiipton 
scattered  gairuna  rays  front  other  emitters,  ‘'riiile  the  fire  a.s.say  procer;; 
removes  mo.st  interfering  radionuclides,  many  nuclides  from  the  seJinn-rit 
anti  from  ttie  fire  assay  ctuunicals  such  as  silver,  lead,  and  so;i;  i,m, 

'unong  others,  corttribute  to  Compton  scattering  and  result  in  noise  in 
tiie  O.l^V-MeV  region. 

1*2.  An  additional  problem  is  the  garrima-ray  emission  fj-om  selenium 
75 

( Se)  with  a 120-day  half- Life  and  a gamma-ray  energy  of  0.136  MeV. 

75 

Tiie  Ge  comes  from  both  the  sediments  and  the  chemi.cals  used  in  the 
fire  assay  process  and  would  interfere  witii  the  resolution  of  the 
rhenium  signal. 

1*3.  -ne  signal  from  rhenium  also  decays  too  fast,  and  at  60-hr 
postirradiation  it  would  be  reduced  to  60  percent;  at  6 days,  to  33  per- 
cent; and  at  11  days,  to  13  percent.  To  provide  an  acceptable  signal 

?1* 

at  6 days  and  beyond  when  the  interference  from  ha  diminishes,  the 
amount  of  rheni-um  tracer  and  thus  the  cost  would  have  to  be  increased  by 
at  least  a factor  of  3 or  more. 

HI*.  3y  contrast,  iridium  with  a 7l*.3T-day  half-life  and  a princi- 
pal gamma  ray  emitted  at  0.3l6  MeV  does  not  exhibit  the  above-mentioned 
problems.  The  higher  gamma-ray  energy  of  iridium  is  in  an  area  of  the 
spectrum  little  influenced  by  noise,  and  its  half-life  will  permit  de- 
laying the  time  of  sample  counting  until  the  short  half-life  nuclides 
in  the  recovered  lead  have  decayed.  IJo  other  element  directly  inter- 
feres with  the  detection  of  t'ne  iridium's  0.3l6-MeV  gamma  ray. 

i*5.  Thus,  it  was  concluded  that  iridium  was  the  better  clioice  as 
a tracer  both  on  the  basis  of  cost  and  on  technical  considerations. 
Iridi'.un's  principal  attributes  as  a tracer  are  swrmar  i zed  below: 

a.  The  amount  of  iridium  required  minimizes  the  was.c  that 
must  be  added  to  the  traced  sediment  and  therefore  would 
least  affect  particle  settling  characteristics. 

The  limit  of  detection  for  iridium  is  a factor  o*'  2 lower 
tiian  that  for  rhenium. 

£.  The  7**- 37-day  half-life  permits  exa-  'n''*ion  of  neutron- 
activated  samples  at  significantly  postirradiation 


ho 


time  without  si^'nil’icant  reduction  in  signal  due  to 
radioactive  decay. 


./uantity  of  Iridium  to  be  Employed 

The  criteria  for  selecting  the  tracer  element  Included  the 
assumptions  that  the  natural  content  of  the  selected  element  ixi  the 
yearly  sediment  load  should  be  exceeded  by  a factor  of  10  and  that 
9.1  ^ 10  g (20,000  lb)  of  sediment  material  would  be  tagged.  Prior  to 
purchase  of  the  tracer  element  these  assmptions  were  reexamined  con- 
sidering the  sampling  system  to  be  employed.  The  objective  was  to  deter- 
mine if  the  quantity  of  material  to  be  tagged  was  sufficient  and  if  the 
cost*  of  the  tracer  could  be  reduced. 

San  Francisco  District  personnel  during  previous  sampling 
efforts  had  determined  the  maximum  size  core  sample  of  the  Bay  sediments 
that  could  be  reliably  retrieved  was  mm  (2-1/8  in.)  in  diameter. 

Using  this  core  diameter  and  the  surface  area  of  the  test  area,  the 
following  calculations  were  performed  to  determine  if  sufficient  partic- 
ulate matter  was  to  be  tagged. 

U8.  The  test  area  consisting  of  San  Pablo,  Suisun,  and  Grizzly 

8 2 

Bays,  plus  Mare  Island  Strait,  is  approximately  3.16  x 10  m (92  square 
nautical  miles).  From  examination  of  sediment  samples  from  this  test 
area,  it  was  determined  that  the  mean  particle  diameter  is  between  ll 
and  20  microns.  Assuming  all  particles  (p)  are  20  microns  in  difuneter, 
then  the  volume  (V)  of  one  particle  is 

V = ^^j(3.ll+)(l  ^ 10”^  cm)^  = 4.18  X 10"^  cm^ 

^ 3 

Assuming  a specific  density  of  2.0  g/cm  foi’  p , then  the  weight  (W) 
of  one  particle  is 


* Inflation,  devaluation  of  the  dollar,  increased  Industrial  demand, 
and  a general  withholding  from  the  market  by  producers  outside  of 
the  United  States  eventuaily  increased  the  price  of  ii’idium  fi-om 
$6.95/g  to  $l8.00/g  at  purchase  time. 


2.6 


W = I 2.6  X I0~^  cn^)  = i.oe  •<  10  ^ g 


1j9.  In  9.08  X 10  g (20,000  lb),  there  are 


1 . 06  X io  ^ ^ 


^ (9.08  X 10^  g)  = 8.1i  X 10"''  p 


.iGa’ariing  unlforra  particle  distribution  over  the  test  area 

S ? 

i.l9  X ]0  in  , tlie  I’esult  is: 


1 h 

8.H  X 10-^  p 
8 ? 

3.15  ^ 10  in 


2.67  ^ 10 


6 


£_ 

2 

in 


Assuming 
mixed  in 

o 

20. 3 cm" 


the  iiiatei'iai  from  the  dredge  is  uniformly  deposited  and  not 
depth  a sample  with  a 25.'i-mm  (l-ir,.)  radius  has  ar;  area  of 

O 

(3.II  in.").  The  p/nample  is 


(20.3 


cm^)(2.6T  X 10'- 


10- 


ti 

* 

samole 


With  i.7  X 10  g of  iridium  on  8.3  x 10" 


each 


p would  contain 


)i 

l.T  X 10  Ir 
8.3  X 10^''  p 


!.05  X 10 


-11 


G 


±L 

P 


in  a sample,  llien  the  iridi’um  content  from  the  tagged  (.dredged  material 
could  be 


^2.05  X 10' 


X 10- 


_£ ^ 

sample  / 


1.09  X 10 


Ir 

T — 

Giimple 


If  the  sample  is  a 50-g  size,  the  iridium  content  from  nature,  assumin,- 
5 X 10~^^  g Ir/g  , would  be: 


50 


-\U 


, (5  X 10  g — ) = 2. 50  X 10"®  g — ^ 
sampley  V g / sample 


Thus 


_7 

the  signal  would  be  foui’  times  background  or  1 x lo  g Ir,  which 


is  easily  seen  in  the  counting  system. 

^0.  Using  1 X 10^  g of  iridium,  the  iridium  content  per  sample 

would  be 


6.3  10  g 


ample 


which  is  2.5  times  the  background  and  also  readily  seen.  Thus,  it  was 
conciuded  that:  (a)  9-1  10^  g (20,000  lb)  were  a sufficient  amount  of 

material  to  be  tagged;  and  (b)  1 x 10^  g of  iridium  would  be  sufficient 
signal  and  would  represent  a cost  savings  of  40  percent  on  the  purchase 
price  of  the  tracer. 


PART  III:  THE  TAGGIIlG,  TKACIfiG,  AND  DHEDGIHG  OPEPJiTIOHG 


Physical  Properties  of  the  GeiJ.iment:j 

51.  As  j)reviously  indicated,  the  Can  Francisco  District  provided 
samples  of  the  San  Francisco  Bay  sediments  from  the  21  locations  show:; 
in  Fleui-e  2 and  samples  from  the  Mare  Island  Strait  during  rlredging. 

The  particle -size  distribution  of  these  sediments  was  determined  and 

is  presented  in  Table  7.  The  particle-sise  analysis  utilized  ncndis- 
persed  wet-sieving,  liquid-sedimentation,  and  Tyler  sieves. 

52.  Approximately  30  g of  as-received  sediment  were  wet-sieved 
tlirough  a 325-mesh  screen  ( l4  3-micron-diam  openings)  usi.ng  water  from  a 
wash  bottle  and  a spoon  to  speed  the  process  by  breaki.ng  agglomerated 
lumps.  The  sieve  was  rinsed  with  water  until  only  particles  greater 
than  43  microns  were  retained.  The  retained  material  was  prepared  for 
additional  sieving  by  drying  for  several  hours  in  an  oven.  Sediment 
particles  less  than  U3  microns  which  passed  through  the  sieve  with  the 
water  during  the  wet  sieving  were  retained  for  the  liquid-sedimentation 
analysis. 

53.  The  oven-dried  particles  greater  than  i+3-micron  diameter  were 
transferred  to  a nest  of  Tyler  sieves  and  Ro-Tapped  for  5 min  into  991, 
350,  180,  125,  1+3  microns,  and  pan  fractions  (less  than  1+3  microns). 

The  dry  particle  fractions  were  weighed,  and  particles  less  than 

•',3  microns  were  added  to  those  from  the  wet-sieving  step. 

The  small  particles  were  sized  by  liquid  sedimentation  ac- 
cor  ling  to  Stokes'  Law,  which  describes  the  rate  of  fall  of  a small 
sphere  in  a viscous  fluid  under  the  action  of  gravity  as 

2 ga^  (d  - d ) 

V = = 

9n 


where 

V = constant  velocity  (cm/see) 
g = gravity  (cm/sec  ) 


1*1+ 


Table  7 

.''ediment  projertles 


Sample 

■■.ocat  ion 

Solids 

.0 

* 

\A{ 

NaClt 

1 

Mare  Isl-ind  Strait,  upper 

37.8 

7.6 

19 

1.5 

2 

Mare  Island  Strait,  TIE  upper 

38. u 

7.6 

15 

'’.0 

3 

Mare  Island  Strait,  Center  Channel 

31.6 

8.2 

19 

1.5 

k 

pinole  Shoal  Naval  Anchor  315 

47.9 

7.8 

20 

1.5 

5 

Mare  Island  Strait,  SW  lower 

53.3 

8.2 

19 

1.3 

6 

Mare  Island  Strait,  SE  lower 

39.4 

8.2 

19 

5.8 

7 

Dike  9 

42.8 

8.1 

19 

1.3 

8 

Carquinez  Strait,  below  power 
cables 

63.8 

8.4 

130 

1.2 

9 

North  Side  Disposal  Dike  12 

47,7 

8.3 

70 

0.84 

10 

South  Side  Disposal  Dike  12 

46.8 

8,0 

15 

1.8 

11 

San  Pablo  Bay  Shoal  1st  Target  M 
Dike  12 

48.  5 

8.2 

15 

5.1 

12 

SW  Davis  Point 

45.1 

8.3 

19 

1.9 

13 

Carquinez  Strait  at  Selby  Toll 

44.7 

8,2 

17 

2.1 

14 

San  Pablo  Bay  2nd  Target  Dike  12 

40.4 

8.2 

16 

1.9 

15 

pinole  Shoal  Chanriel  Anchor  318 

66.3 

8.2 

180 

0,67 

16 

South  Mud  Flat  Hercules  Wharf 

49.7 

8.1 

l4 

2.1 

17 

Shallows  of  San  1 ablo  Bay 

45.9 

8.3 

19 

3.° 

18 

Mud  Flats  East  of  Pinole  Point 

50.6 

7.5 

l4 

1,6 

19 

Mud  Flats  Shallows  San  Pablo  Bay 

43.5 

7.8 

15 

1.4 

20 

San  Pablo  Bay  33^  Anchorage 

45.2 

8.0 

16 

1.4 

21 

San  Pablo  Bay  Hud  Flats 

43.2 

7.8 

l4 

1.9 

22 

Mare  Island  Strait,  sediments  from 
dredge  Hardin<2 

50.1 

7.6 

18 

1.5 

* pH  of  50  6 of  wet  sediments  mixed  with  50-iril  distilled  water. 

d is  diameter  of  mean  particle.  One-half  the  mass  is  larger  than 
this  nondisj^ersed  size. 

t Includes  all  insoluble  silver  salts  calculated  as  i'oCl. 


‘*5 


a = radius  of  sphere  (cn) 
d = density  of  sphere  (s/cm  ) 

i-  2 

d.,  = density  of  medium  (c/'^ni  ) 

ri  = coefficient  of  viscosity  vhich  is  te/npcrafore  dependent 

(dyne-sec/cm2) 

According  to  Gtokes'  Law,  a particle  of  2.6>  density  and  spherical  siia:,.. 
will  fall  through  10  cm  of  water  of  a given  temperature  in  the  times 
listed  in  Table  8. 

55.  Tiie  liquid-sedimentation  apparatus  is  a vacuum-jacketed  glass 
cylinder  of  2-1  capacity,  with  a stopcock  controlled  saiapling  spout 
Located  exactly  10  cm  below  the  2000-ml  voliuiie  mark.  Tne  subsieve 
particle  analysis  consists  of  adding  the  water  slurry  containing  the 
particles  less  than  )t3-nicron  diameter  to  the  sedimentation  column  and 
adjusting  the  volume  to  the  2000-ml  .mark.  The  particles  are  uniformly 
dispersed  by  shaking  trie  coiuinn  and  repeatedly  inverting  it,  and  the 
settling  process  is  started  by  standing  the  column  upright  on  the 
laboratory  bench.  At  any  specified  time,  an  aliquot  taken  from  tiie 
sampling  spout  will  have  only  particles  less  than  tiie  predicted  size, 
since  tiie  larger  particles  will  have  settled  past  the  10-cm  level. 
Aliquots  taken  at  increasing  times  can  thus  he  measured  to  yield  a 
size  liistribution  for  particles  less  than  ^*3  microns  in  diameter. 

56.  As  an  example,  it  will  be  noted  in  Table  7 that  it  takes 

1 min  5 sec  for  a 15-micron  particle  to  fall  10  cm  in  a column  of  15°C 
water.  In  practice,  a 10-ml  aliquot  is  withdrawn  first  to  rinse  the 
spout  a few  seconds  prior  to  the  selected  time.  At  exactly  8 min  5 sec, 
a 10-mi  vol'umetri.'  flask  is  filled  with  the  slurry  containing  particles 
Less  than  15  microns  in  di;uneter.  The  10-r.l  aliquot  is  rinsed  t'nruugh 
an  0.3-raicron  milLipore  filter,  after  which  the  filter  is  di-ied  to  con- 
stant weight  and  the  mass  of  particles  determined.  ihe  total  weight  o. 
particles  in  the  column  i.s  determined  from  a 10-ml  aliquot  taken  at 
essentially  zero  time  bef  a-e  any  settling  takes  place. 

57.  Alttiough  the  numerical  values  in  Table  7 are  for  particle 
diameters  of  sphericni  shape  anl  uniform  iensity  and  as  such  they  m.ay 
be  in  eiTor,  nevertheless,  they  were  obtuincl  by  a water— settling 


JT 


fSi-.eet  3 of  3) 


I 
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H Lechiiique;  and  since  water  settling  of  tlie  j.artic  les  (tram  areaf^Ing ; is 

a parameter  of  great  interest,  the  description  of  this  "eeui -raient" 

) diameter  is  quite  useful. 

5tJ,  In  Tabj-e  7 it  will  be  noted  that  ly  of  i-hc  if  sarj^es  had 
mean  particle  diameters  of  between  l4  ana  fO  microns.  The  rai.ge  ol 
‘ particie-sise  distributions  for  these  19  samples  is  siiow’i  in  ? itnire  / . 

The  other  tiu'ee  samples,  all  from  channel  locations,  appeare : to  be 
mixtures  of  mud  and  sand,  sucii  as  the  particie-sixe  ilstribution  oi 
s:unple  8 presented  in  Figure  6. 

59.  From  these  data  it  was  concluded  that,  most  d'  the  ii’eige 
sediment  from  the  Mare  Island  Ctrait  and  most  of  the  sediment  fr<;m 
shoaling  areas  would  consist  of  small  particles  with  a mear.  particle 
di:u:ieter  of  about  15  microns  and  with  more  than  80  I'crcent  of  the  tota. 
mass  consisting  of  particles  between  10  and  30  microns  in  diaiaeter. 

I This  tlien  characterised  the  particle-size  distribution  ol  tlie  sedimeii.s 

1 

which  would  be  tagged. 


Chemical  Properties  of  the  Sediments 

60.  The  now  disestablished  Naval  Radiological  Deiense  Laboratory 
(NRDL)  conducted  st\idies  with  Bay  sediments  in  1956.  uRDL  was  assi.;  .ed 
in  the  preparation  and  analysis  of  the  sediments  by  the  ban  irancisc; 
District  Sausalito  Laboratory.  A chemical  analysis  conducted  by  the 
Corps  at  that  time  is  reported  in  Table  9-  It  was  iimnediately  apparei.t 
that  high  temperatures  could  not  be  used  in  tagging  Bay  sediment  since 
both  tlie  chemical  and  physical  properties  of  the  particle  would  be 
altered.  This  Indicates  that  a surface  adsorption  mechanism  had  to  be 
used  to  tag  the  sediment  particles.  Table  9 shows  that  material  less 
than  4^1  microns  in  diameter  (some  90  percent)  is  largely  silt  and  clay. 
The  crystal  lattice  of  clay  is  known  to  be  able  to  tightly  bond  or 
"fix"  cations.^ 

6l.  Since  soluble  salts  in  the  sediments  provide  cati.'ns  to 
compete  with  the  tagging  element,  an  analysis  was  conducted  on  each  ol 
the  22  s.'imples  to  measure  salinity,  as  noted  in  the  following  paragraphs. 


i 

I 

I 


h 


PARTICLE  DIAMETER  IN  MICRONS 


Table  9 

Anab'/sis  of  Cedinients  from  Kare  Island  Gtrait 


Oxide  Analysis 

percent 

Loss  of  Ignition 

8.06 

Silica  (SiOg) 

57.74 

Aluminum  Oxide  (Al^O^) 

15.18 

Ferric  Oxide  (Fe^O  ) 

6.19 

Calcium  Oxide  (CaO) 

2.9U 

Magnesium  Oxide  (MgO) 

1.68 

Sulfur  Trioxide  (SO  ) 

2.56 

Sodium  Oxide  (Na^O) 

2.88 

Pot ass  mom  Oxide  (K^O) 

0.86 

Material  retained  on  3"^-mesh  sieve  (44  microns^: 

Organic 

Shell  fragments  - white  and  blue  shell  material 
Vegetative  - seaweed,  wood  fragments 

Mineral 

Quartz  - fine,  rounded- to- angular  particles  of  transparent 
quartz 

Feldspar  - angular  particles  of  weathered  feldspar 
Mica  - thin,  fragile  plates  of  yellow  and  brown 
Iron  Oxides  - black  particles  of  magnetite 

Material  lassin;-  329-mesh  sieve: 

Largely  silt  and  clay.  (Clay  probably  includes  raontmorillonite . ) 

62.  Quantitative  testing  for  chloride  may  be  accomplished  by  pre- 
cipitation with  AgNO^  si  ce  AgCl  is  nearly  insoluble  in  cold  waLer. 

Ag*'  + Cl"  = AgCl 

62.  Small  errors  may  result  from  chloride  ions  originating  from 
species  other  than  WaCl  and  also  from  other  insoluble  silver  salts. 

P'or  our  purposes,  however,  this  method  yields  useful  measurements  of 
salt  concentration  differences  in  Bay  sediments. 


6i4 . Aliquots  of  sedineiits  were  taken  from  each  of  the  22  samples 
and  dried  for  two  days.  The  percent  solids  for  each  smnple  is  listed 
ill  Table  T-  Ten  grams  of  dried  sediments  were  weighed  into  clean  dry 
beakers.  Approximately  100  ml  of  distilled  water  were  added  and  the 
slorry  was  brought  to  a boil.  The  water  was  cooled  and  the  sediment 
particles  settled.  The  water  was  decanted  off  and  filtered.  Another 
50-75  ml  of  distilled  water  were  added  to  each  beaker  and  then  boiled, 
cooled,  decanted,  and  filtered.  Finally,  the  sediment  samples  and 
beakers  were  rinsed  with  distilled  water  and  filtered. 

65.  The  filtrates  were  combined  and  adjusted  to  volume  in  a 
25O-1.il  volumetric  flask.  A 25-itil  aliquot  of  this  solution  was  then 
filtered  through  a millipore  filter  to  determine  the  weight  of  sediment 
particles  in  25  ml.  Another  25-ml  aliquot  was  transferred  to  a clean 
beaker.  To  this,  10  ml  of  0.25  N AgilO^  were  added  to  precipitate  the 
ciiloride  ions.  This  solution  and  precipitate  were  stirred,  allowed  to 
settle,  and  then  filtered  through  a millipore  filter. 

66.  The  millipore  filters  were  oven-dried  for  half  an  hour  and  al- 
lowed to  cool.  After  weighing,  the  weight  of  the  sediment  particles  in 
25  ml  is  subtracted  from  the  weight  of  AgCl.  The  percentage  of  Had 

for  each  of  the  22  samples  is  listed  in  Table  7.  These  values,  espec- 
ially the  tiiree  high  ones,  indicated  the  sediment  should  be  washed  to 
dilute  the  soluble  salts  prior  to  tagging.  The  pH  values  in  Table  7 
show  no  significant  difference  among  the  22  samples. 

Preparation  of  Soluble  Iridium  Tagging  Solution 

67.  Iridium  was  available  only  in  the  form  of  iridium  metal  pow- 
der. Direct  purchase  of  soluble  iridium  salts  involved  considerable 
conversion  costs  and  delivery  delays.  Therefore,  the  10  kg  (22.05  lb) 
of  purchased  iridiijin  metal  were  converted  to  Wa^IrClg  in  a batch  pi'ocess. 

68.  Two  hundred  and  fifty  grams  of  powdered  metal  were  thoroughly 
mixed  with  250  g of  crystalline  NaCl  and  placed  in  the  center  section 

of  .a  quartz  tube  which  was  1.22  m ( ft)  long  and  50.8  mm  (2  in.)  in 
diameter.  The  quartz  tube  was  inserted  in  a tube  furnace  at  755.^  K 
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(900°F),  with  ail  the  ii-idium  mix  in  the  lieated  section  and  with  0.3  m 
(l  ft)  of  tube  protrudiiif/  I’rom  each  end.  Clilorine  yas  from  a high- 
pressure  cylinder  was  bubbled  tiu’ough  a water  bulb  and  delivered  to  the 
front  end  of  the  quartz  tube.  After  passing  over  and  tiu'ough  the  irid- 
ium chai’ge,  the  unreacted  Clp  was  dischai'ged  from  tfie  downstream  end 
of  the  quartz  tube.  The  tube  was  i-otated  througii  3. 1^+1  radians  (l80°) 
several  times  dur-ing  the  chlorination  to  fluff  the  chai-ge  and  insure 
exposure  to  the  Clg. 

69.  The  reaction  was  essentially  complete  after  2h  rir , and  the 

quartz  tube  and  contents  were  removed  from  the  furnace  and  cooled.  The 

-O  3 

iridium  charge  was  then  released  into  a I.89  ^ 10  “-m  (5-gal)  poly- 

ethylene container.  When  five  batches  (1250  g)  of  iridium  had  accumu- 
lated,  distilled  water  was  added  to  make  I.89  x 10~  m (5  gal)  of 
solution.  The  solution  was  agitated  several  times  a day  for  one  week 
and  then  filtered  into  a second  container.  The  filter  was  dried  and 
ignited  to  recover  the  uru’eacted  metallic  iridium.  The  recovered  irid- 
ium was  weighed  and  recycled  to  the  chlorination  process.  The  weight 
of  the  recovered  Iridium  was  subtracted  from  125O  g to  get  the  concen- 
tration of  iridium  in  the  freshly  prepared  solution.  A total  of  9900  g 
of  iridium  was  placed  in  solution.  The  solution  was  stored  for  use 
during  the  tagging  operation. 

Fixing.  Iridium  to  Dredge  Sediments 

70.  Numerous  preliminary  tests  showed  that  iridium  was  strongly 
bonded  to  the  dredge  sediments  although  tiie  exact  mechanism  is  oiiscure. 
No  doubt  the  following  factors  are  involved.  The  dredge  sediments  have 
a cation  exchange  capacity  of  about  30  inilliequivalents  per  100  g, 
which  is  much  more  than  adequate  for  the  small  concentration  of  iridiuiti 
involve'!  (0.1  percent  by  weight).  The  small  sizes  and  platy  .sliaper.  of 
the  particles  give  very  large  surface  areas  for  adsorption.  According 
to  Coulomb's  Law,  large  attractive  forces  exist  between  the  negative 
oxygen  ions  in  the  crystal  lattice  and  tlie  adsorbe.i  cation,  which  is 
iridium  in  this  case.  Other  meclianisms  such  as  organic  complexes  or 
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chelates  no  doubt  contribute  to  fixation  of  irldiui.'i  to  the  dredf^e  sedi- 
ments. To  measure  the  stability  of  the  iridium- tagi:ed  S'  iLments  over  a 
iorif’:  period  of  time  and  leaching  by  saline  water,  tin  ’’f  jwing  tests 
wei'e  conducted. 

71-  Iridiuin  "fixijig"  tests  were  conducted  using  sediments  from 
Mare  Island  Gtrait  (sample  22,  Table  7).  One  litre  of  wet  sediments  was 
placeil  in  a beaker,  and  1 litre  of  'distilled  water  was  added  with 
vigorous  stirring.  Ttie  slurry  was  allowed  to  settle  for  2 hr,  and  the 
water  was  removed  by  decantiiig.  Tiiis  washing  was  repeated  tliree  times 
to  dilute  soluble  salts  and  reduce  the  number  of  very  small  particles. 

72.  Leaciiing  tests  were  conducted  as  follows: 

A volume  of  washed  sediments  containing  U g of  solids  was 
placed  in  each  of  three  centrifuge  tubes.  One  millilitre 
of  a solution  containing  •»  mg  of  ii’idium  was  added  to  each 
tube  followed  by  an  aliquot  of  solution  containing  about 
20,000  counts  per  minute  (c/ni)  of  lr-192.  This  then  simu- 
lated the  iridium  concentration  which  was  id  armed  for  the 
tagged  sediments.  The  contents  of  the  tubes  were  stirred 
and  then  meciianicaliy  agitated  to  insure  .mi.xi.ng.  One  tube 
was  placed  in  a drying  oven  at  393.2  K (120°C),  the  second 
tube  was  allowed  to  air-dry,  and  20  ml  of  tap  water  were 
added  to  the  third  tube.  Vfnen  the  first  two  tubes  were 
thoroughly  dry  (6  days  later),  25  ml  of  tap  water  were  added 
to  each. 

The  leaching  solutions  were  thoroughly  mixed  with  the  tagged 
sediments  and  set  aside  for  several  days.  Periodically,  the 
leaching  solutions  were  removed  from  all  three  tests  by  de- 
canting into  clean  test  tubes  and  j-eplaced  by  equal  volumes 
of  fresh  tap  water.  The  tube  containing  oven-dry  sediment 
was  leached  twice  with  tap  water,  and  the  hir'd  and  subse- 
quent leaches  were  water  from  Mare  Island  .’.trait.  Table  10 
shows  the  dates  and  leaching  times  that  apply  to  the  tliree 
tests . 

On  17  September  1973,  1-ml  aliquots  were  carefully  removed 
from  each  of  the  test  tubes  containing  leach  solutions  and 
from  the  three  tubes  containing  tagged  sediments  and  the 
5th  leach.  The  5th  leach  solution  was  tJien  decanted  into  a 
clean  tube,  and  the  6th  leach  solution  was  added.  The  tagged 
sediments  and  the  J-ml  aliquots  were  then  counted,  and  the 
data  are  pre-sentcd  in  Table  11.  Tt  can  be  seen  that  wlien 
the  leach  aliquots'  activity  has  been  corrected  by  :-.ubtract- 
ing  background,  no  significant  Ir-192  wis  removed  from  the 
tagged  sediments  by  leaching.  The  6th  leach  war.  r-imilarly 
mea.rured  on  25  September  197^.  .and  ?ig.ain  no  jr-19i'  was  found 


Table  10 

Schedule  of  Leaching  Tagged  Sediments 


Leach 

Leach  Time 

Interval 

Total 

At 

zt 

Date 

Procedure 

( days ) 

( days,^ 

15  Jun  73 

Prepared  sediments 

20  Jun  73 

Dried  sediments 

21  Jun  73 

Added  25  ml  water 

19  Jul  73 

Removed  1st  leach 

28 

28 

30  Jul  73 

Removed  2nd  leach 

11 

39 

6 Aug  73 

Removed  3rd  leach 

7 

46 

4 Sep  73 

Removed  4th  leach 

29 

75 

17  Sep  73 

Removed  5th  leach 

13 

88 

25  Sep  74 

Removed  6th  leach 

373 

46l 

in  the  aliquot  although  by  this  time  the  tagged  sediments' 
activity  had  decayed  to  less  than  800  c/m. 

73.  Thus,  the  leaching  data  show  that  iridium  is  "fixed"  to 
dredge  sediments  by  application  to  the  wet  sediments,  and  that  no  ad- 
vantage is  inherent  in  drying  or  heating  the  tagged  sediments. 

Preparation  and  Assay  of  a Batch  of  Tagged  Sediments 

Jh.  Prior  to  tagging  the  sediment  material  to  be  added  during  the 
dredging  operation,  a batch  of  sediments  was  tagged  using  essentially 
the  same  procedures  and  equipment  to  be  employed  in  'he  large-scale 
tagging  operation.  The  objective  was  to  proof-test  the  preparation  and 
analytical  procedures. 

75-  A 0.5-g  sample  of  iridium-tagged  sediments  (lO  g Ir/g  sedi- 
ments) was  neutron-activated  in  the  TRIGA  reactor  for  1 hr.  Since  a 

g 

concentration  of  10~  g Ir/g  sediments  was  anticipated  for  the  released 
dredge  material,  a dilution  of  10^  was  required.  Accordingly, 
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Table  11 


Iridium  "Fixing"  to  Dredf^e  f.edlments 


Leach 

Leach 

Leach 

Test  l'< 

Test  2*^ 

Test  3t 

c/m 

c/m 

■■/m 

Bkgtt 

*) 

J;  ;:m^^ntJ 

1.  . 1 

. '7V 

r 

- :i  : 

'll 

d'.'9 

■;1 

31 

I:.:; 

ill 

'yV  ' 
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* Iridium-tagged  wet  sediments  - l+-g  sediments,  20-ml  tan  vrater. 

**  Iridium-tagged  air-dry  sediments  - t-g  sediments,  20-ml  tap  ’.-.’ater. 
t Iridium- tagged  oven-dry  sediments  - h-g  sediments,  20-ml  tap  vrater 
for  leaches  1 and  2,  then  Mare  Island  Strait  water  for  leaches  3,  1, 
5,  and  6. 

tt  Bkg  is  normal  response  of  counter  with  no  sample  present. 

■0 

0.155  m (Ul  gal)  of  processed  sediments  from  the  Mare  Island  Strait 
were  prepared  in  a plaster  mixer  at  a density  of  l.l6  g/cm  . The 
neutron-activated  sediments  were  added  to  0.155  m (tl  gal)  and  then 
mixed  for  15  min  to  insure  uniform  blending. 

j6.  Three  samples  of  the  simulated  tagged  dredged  material  were 
taken  from  the  plaster  mixer,  dried,  and  50  g of  each  sample  were 
fire  assayed.  The  gamma  spectra  of  the  resulting  lead  were  very  uni- 
form, and  the  Ir-192  peak  from  a 300-sec  count  was  sufficiently  large 
to  permit  a good  measurement  after  an  additional  10-fold  dilution  and 
a reasonable  signai-to-noise  response  after  a 100- fold  dilution.  The 
100-fold  dilution  (lO  g Tr/g  sediment)  was  expected  to  be  contained 
in  the  natural  sediment  material  and  fire  assay  chemicals  and,  as  such. 


would  be  a backgr’ound  value  to  be  subtracted  from  the  field  samples. 

77.  After  the  particles  settled  in  the  plaster  mixer, 

-3  3 

3.8  X 10  m (l  gal)  of  water  was  removed  from  the  top;  after  filter- 
ing, it  was  evaporated  to  dryness.  The  residue  was  collected  in  a ijO-ml 
test  tube  and  examined  in  the  spectrometer.  No  Tr-19T'  wis  found. 

Tagging  Operation 

78.  For  the  tagging  operation,  a net  weight  of  9.1  10^  g 

(20,000  lb)  of  Mare  Island  Strait  sediment  materials  ."as  required.  The 
most  desirable  source  of  material  would  have  been  from  the  hopper  of  a 
dredge,  but,  since  no  dredging  was  possible  prior  to  the  conduct  of  the 
tracing  opei-ation,  the  material  was  obtained  from  a landfill,  dredged 
material  disposal  site  in  the  northwestern  area  of  the  Mare  Island  Naval 
Shipyard.  The  material  in  this  site  had  been  dredged  from  the  Mare  Is- 
land Strait  over  a period  of  years. 

79-  Prior  to  accepting  this  material  for  tagging,  samples  were 
obtained  from  five  test  holes  (four  corners  and  the  center  of  a 15.2-ra 
(50-ft)  square)  1.5  m (5  ft)  deep.  The  sediments  from  this  test  area 
were  found  to  have  the  same  physical  and  chemical  properties  as  those 
from  the  Mare  Island  Strait  (Table  l). 

80.  A total  of  1.8  x lO  g (U0,000  lb)  of  wet  marine  sediments 
was  removed  from  the  disposal  site  and  delivered  to  the  Stanford  Re- 
search Institute's  (SRi)  facilities  at  Camp  Parks  near  Dublin,  Cali- 
fornia. Here  the  material  was  converted  from  large  agglomerated  masses 
to  particulate  material  having  the  same  characteristics  and  size  dis- 
tribution as  that  determined  to  be  in  the  dredge's  hoppers  during  the 
previous  dredging  of  Mare  Island  Strait.  Figures  5 and  7 show  the  size 
distribution  of  the  materials  from  Mare  Island  Strait  and  those  result- 
ing from  the  marine  sediments. 

81.  The  agglomerated  lumps  were  converted  to  particulate  mate- 
rials by  first  breaking  the  material  into  50. l-mm-( 2-in. - ) diam  pieces 

3 

using  a soil  siiredder.  The  pieces  were  then  placed  into  a 0.21-m 
(55-gal)  dnim  of  water  which  was  slowly  agitated  using  an  air-driven 
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mixer  until  a sloi-ry  was  produced.  The  slurry  was  transferred  to  an- 
other agitated  0.21-m^  (55-gal)  drum  where  the  solid-liquid  content  was 
adjusted  to  produce  a uniform  mixture.  This  mixture  was  then  trans- 
ferred ro  storage  drums  which  were  sampled  to  determine  the  particle- 
size  distribution.  While  in  the  drums,  fresh  water  was  added,  the 
mixture  was  agitated  and  then  allowed  to  settle,  and  the  water  was  de- 
canted. This  process  was  repeated  three  times  to  dilute  the  soluble 
salts  and  remove  very  fine  particles  prior  to  tagging. 

82.  With  sufficient  slurry  prepared,  about  0.23  m (60  gal)  of 
tiie  slui-ry  were  pumped  into  a plaster  mixer  of  the  type  commonly  used  by 
building  contractors.  After  thorough  mixing,  the  slurry's  density  was 
adjusted  to  l.l6  g/ml.  The  resulting  voliune  was  then  measu'ed,  and  a 
calculated  iridium  addition  was  slowly  sprayed  into  the  mixing  slm’ry 

to  produce  an  iridium  concentration  of  1.212  g of  iridium  per 
3.8  X 10“^  (l  gal). 

—2  3 

83.  The  tagged  sediment  was  transferred  to  I.89  x 10  -m  (5-gal) 

paint  cans  and  0.21-m  (55-gal)  drums  and  palletized  for  shipment  to  the 

3 6 

dredge.  A total  of  30.9  m (8169  gal)  of  slurry  containing  9-86  x 10  g 

(21,729  lb)  of  solids  and  9900  g (22  lb)  of  iridium,  or  1.01  x io~^  g 

Ir/g  of  sediment,  was  prepared. 

Dredging  and  Tracer  Addition  Operations 

8h.  Figure  8 shows  the  Mare  Island  Strait  area,  the  channel  area 
dredged,  and  the  disposal  area.  Dredging  was  commenced  on  19  February 
197^  and  continued  until  30  March  197^.  Dredging  operations  were  con- 
ducted for  2h  hr  a day  tor  12  consecutive  days  followed  by  a 2-day  rest 
period.  Thirty-five  dredging  days  were  completed,  making  a total  of 
706  trips  between  the  channel  and  the  release  site. 

85.  Dredging  was  accomplished  by  the  U.  S.  Army  Corps  of  Engineers 
dredge,  Chester  Harding.  The  Harding  is  a dual-suction  dredge  having 
port  and  starboard  variable  depth  trailing  suction  arms,  each  powered 
by  a 1000-horsepower  diesel-driven  pump.  During  dredging  of  the  Mare 
Island  Strait,  the  Harding  proceeded  ahead  slowly  with  one  or  both 
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Figure  8. 


Area  dredged  in  Mare  Island  Strait 


1 


suction  arms  trailing  alongside  at  a depth  that  permitted  pumping  a I 

water-sediment  slurry  into  the  dredge's  hoppers.  The  Harding  has  two  ^ 

bottom-dumping  hoppers  located  forward  and  aft  of  the  midship  super- 
structure. Dredged  materials  are  fed  from  both  trailing  arms  into  both 
hoppers.  Each  hopper  is  filled  to  capacity,  and  to  maximize  payload, 
pumping  may  be  continued  with  excess  water  and  some  sediment  overflowing 
back  into  the  channel.  Figure  9 is  a cross  section  of  a hopper  showing 

its  general  configuration.  i 

86.  San  Francisco  District  personnel*  determined  the  capacity  of 

the  dredge  hopper  on  three  separate  occasions  during  the  dredging  cycle  ' 

and  calculated  the  volume  to  be  1758  m^  (2300  yd^)  per  trip.  For  the  | 

dredging  cycle  of  T06  loads,  the  total  sediments  removed  were  5-12  x | 

10^^  g (50U,000  long  tons).  With  9900  g of  iridium  added,  the  concen-  1 

-8  ' 

tration  of  iridium  was  1.95  10  g Ir/g  of  sediments  dredged.  |: 

87.  The  traced  sediments  were  added  to  the  two  hoppers  via  stand-  i 

pipes  located  in  the  center  of  each  hopper  with  their  outlets  extending  | 

approximately  1.8  m (6  ft)  below  the  top  of  the  dredged  material  (Fig-  ■ 

-2  3 I 

ure  9)-  Approximately  2.27  ^10  ra  (6  gal)  of  traced  sediments  were  j 

added  to  each  hopper  by  pouring  the  traced  sediments  into  the  standpipe,  j 

sealing  the  top  of  the  pipe,  and  pressurizing  and  flushing  the  pipe  with 

the  ship's  water  supply  (Figure  lO).  To  preclude  contamination  of  the 

channel  by  overflow,  the  addition  of  the  traced  sediments  was  always 

accomplished  after  the  dredge  had  departed  from  the  channel  and  prior  to 

its  arrival  at  the  release  site. 

88.  The  release  site  location,  shown  in  Figure  8,  is  in  the  Car- 
quinez  Strait  where  the  water  depth  is  approximately  l8.3  m (60  ft). 

Once  at  the  release  site,  the  dredge  pumps  were  activated  pouring  water 
on  top  of  the  loaded  hoppers  while  simultaneously  opening  the  hoppers' 
dump  doors.  The  above  actions  produced  a very  turbulent  condition  in 
the  dredged  material  being  discharged.  This  turbulence,  plus  that  en- 
countered in  water  following  hopper  discharge,  served  to  further  mix 
the  traced  sediments  with  the  dredged  sediments. 


* Memo:  tir.  John  Sustar,  SFD,  to  Hr.  E.  Leahy,  EERL,  of  17  May  197^* 
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d.  Pressurizing  standpip 


Rinsing  funnel  and  sealing 


igure  10.  Addition  of  i'raeed  Sediments  to  l.oaded  Hopper 
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PART  IV;  SAI'IPLIHG  OPERATIONS  AND  ANALYSIS 
Test  Area  and  Grid  System 

89.  Figure  2 shows  the  area  sampled  for  the  tracer  program.  The 
area  included  San  Pablo  and  Suisun  Bays,  and  Carquinez  Strait  which  con- 
nects the  two  bays  with  the  Mare  Island  Strait.  Figure  11  shows  the 
tracer  program  sample  grid  overlaid  on  Figure  2.  For  sample  location 
identification,  each  sample  point  was  given  a numerical  designation  as 
shown  in  the  figure.  The  numerical  designators,  referred  to  as  hole 
numbers,  were  assigned  when  the  sampling  boat  first  reached  a location. 
The  order  of  points  sampled  in  any  particular  time  period  depended  on 
the  current  direction  at  the  time.  A total  of  111  locations  were  so 
designated. 

90.  To  assist  in  locating  the  hole  numbers  in  the  test  area,  each 
hole  number  was  further  described  by  a major  and  minor  grid  system.  The 
major  grid  consisted  of  squares  with  2037. 2-m  (l . 1-nautical  mile)  sides 
having  a numerical  designation  in  the  X direction  and  a letter  desig- 
nation in  the  Y direction.  Each  individual  grid  was  further  sub- 
divided into  squares  with  203. 7-m  ( 0. 11-nautical  mile)  sides  and  a 
similar  numerical-letter  designation  system.  The  convention  adopted 

for  identifying  samples  was  to  list  the  hole  niunber  followed  by  the 
major  and  minor  alphabetical  designators  and  then  the  major  and  minor 
numerical  designators.  For  example,  in  Figure  11,  hole  number  72,  also 
designated  with  coordinates  H,  h-^*,  3,  is  located  in  the  major  grid 
defined  by  H and  h and  the  minor  grid  by  h and  3. 

Sampling  Operations 

91.  Sampling  operations  were  conducted  using  a modified  World  War 
II  type  landing-craft  medium  (LCM).  The  LCM,  which  was  on  loan  to  the 
Gan  Francisco  District  from  the  National  Oceanographic  and  Atmospheric 
Administration,  was  equipped  with  a navigation  bridge  containing  radar, 
depth  indicator,  and  conventional  small-craft  navigational  instr\mients . 
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92.  For  sampling  operations,  the  '-ai-go  heck  of  the  LCM  had  been 
modified  to  contain  a well.  A double  "A"  I'rame  was  positioned  above  the 
well.  The  "A"  frame  and  a motor-driven  block  and  tackle  were  used  to 
handle  a wash-bore,  push-type,  ver tide- tube  core  sampler.  The  core 
sampler  contains  a 762-  by  iji*-i:im-ID  (30-  by  2-1/8-in. -TD)  clear  acrylic 
liner  and  a vacuum  seal  system  to  retain  the  sampled  material  in  the 
core  liner. 

93.  In  a typical  sampling  oper-ation,  the  sample  boat  was  brought 
into  position,  using  sextant  and  radar  navigation,  and  anchored.  At 
some  locations  where  the  water  was  shallow  the  sample  locations  were 
marked  with  a stake.  The  depth  of  the  top  of  the  sediments  was  refer- 
enced to  mean  lower  low  water  (mllw)  and  was  determined  by  the  depth 
indicator  and  the  reference  to  a tide  gage  reading  and  the  tide  tables. 
Lengths  of  pipe  were  fixed  to  the  core  sampler  head,  and  the  unit  was 
lowered  through  the  well  in  the  cargo  deck  via  the  "A"  frame  and  its 
block  and  tackle  to  a depth  just  above  the  bottom.  The  s'lmpler  was  then 
pushed  into  the  bottom  for  a distance  of  about  762  mm  (30  in.).  V/hile 
in  place,  a sealing  ball  was  inserted  into  the  top  of  the  handling  pipe 
followed  by  a steel  bar  to  seat  the  sealing  ball.  The  sampler  was 
retrieved,  and  the  liner  containing  the  cored  sediment  material  was 
carefully  removed,  capped  on  both  ends,  labeled,  and  logged.  Five  cores 
were  taken  at  each  sampling  location.  Figure  12  shows  several  groups  of 


Figure  12.  Sediment  cores  collected  from 
a number  of  sample  locations 
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five  core  samples  prior  to  being  boxed  for  shipment. 

9^.  Figur’e  13  is  a typical  log  sheet  completed  for  each  sampling 
location.  The  first  horizontal  line  indicates  the  hole  number,  major 
and  minor  grid  coordinates,  date,  time,  gage  readings,  measured  water 
depth,  and  wind,  wave,  and  current  direction  data.  The  data  for  each 
core  are  listed  above  the  tube  sketch  showing  the  tube  number,  the  depth 
pushed  into  the  sediment,  the  measured  amount  of  solid  material  in  the 
tube,  and  the  elevation  of  the  top  of  the  sediment  referenced  to  mllw. 
Each  tube  was  diagrammed  on  the  log  showing  the  measured  depth  of 
various  materials  in  the  tube.  The  nomenclature  used  is  shown  in  the 
figure.  The  designation  of  "Fluff"  was  used  to  describe  the  very  fine 
mineral  pjarticles  suspended  in  the  top  layer  of  the  sample.  "Active" 
was  used  to  describe  the  most  recently  deposited  sediments  which  are 
believed  to  be  easily  resuspended  by  wave  and/or  current  action.  "in- 
active" described  the  sediments  that  are  believed  to  move  rarely,  if 
ever.  The  distinction  among  the  various  layers  is  made  by  visual  exam- 
ination of  each  tube. 


Sample  Processing 

Core  processing 

95-  The  daily  collection  of  samples  was  removed  from  the  boat  and 
stored  ashore.  Weekly,  the  collected  samples  were  transported  from 
storage  to  the  processing  area  of  SRI  at  Camp  Parks  located  near  Dublin, 
California. 

96.  SRI  personnel  took  the  five  tubes  from  a particular  location, 
carefully  removed  the  top  2'y.h  mm  (l  in.)  of  material  from  each  tube, 
and  then  dried  and  recorded  the  weight  of  solid  sediment  material.  The 
top  25. U mm  (1  in.)  were  selected  in  an  effort  to  obtain  sufficient 
sediment  materials  from  the  very  fluffy-like  sediments  that  were  in  the 
process  of  transport  and  settling  in  a particular  location. 

97.  Once  the  top  25. U mm  (l  in.)  were  removed,  one  of  the  five 
tubes  was  selected  and  its  sediments  were  carefully  removed  in  101.6-mm 
(h-in.)  Increments.  Each  increment  was  dried,  weighed,  and  recorded. 


The  remainder  of  the  tubes  were  stored  for  possible  future  use. 

98.  Each  dried  sample  was  then  ground  in  a Wiley  Mill  and  passed 
through  a 20-mesh  sieve.  To  prevent  cross  contamination  in  the  grind- 
ing operations,  the  Wiley  Mill  and  sieve  were  cleaned  after  each  sample 
grinding,  and  the  first  50-80  g of  the  next  sample  were  passed  through 
the  mill  and  discarded.  The  remainder  of  the  sample  was  then  ground 
and  stored  until  sufficient  samples  were  prepared  for  the  fire  assay 
process . 

Fire  assay  process 

99.  In  the  fire  assay  process,  50  g of  the  dry  ground  sediments 
are  mixed  with  60  g of  litharge  (PbO),  20  g of  sodium  carbonate  (Na^CO^), 
18  g of  sodium  borate  (Na^Bj^O^),  and  2-5  g of  starch.  The  amount  of 
starch  used  for  lead  reduction  varies  with  the  type  of  mineral  particles 
and  organic  material  in  the  sample. 

100.  After  thorough  mixing,  the  material  is  placed  in  a refractory 
crucible  and  heated  to  1338.7  K (l950°F)  and  held  for  1 hr.  The  molten 
mass  is  then  poured  into  a steel  mold  where  the  slag  forms  on  top  and 
the  lead  settles  to  the  bottom.  When  cool,  the  slag  and  ].ead  are 
separated,  and  the  slag  is  discarded.  The  weight  of  the  metallic  lead 
recovered  is  30-50  g depending  on  the  PbO  reduction  by  the  combined 
action  of  sediments  and  starch.  The  lead  mass  is  weighed,  formed  into 

a right  cylinder,  and  sealed  in  a 12.T-mm-(l/2-in.-)  OD  x 63.5-mm- 
(2-1/2-in.-)  long  numbered  aluminum  tube.  Each  tube  is  then  leak-tested 
and  placed  in  a 139-  by  25.8-mm  (5.5-  by  1-1/8-in.  ) polyethylene  irradi- 
ation container. 

Neutron  activation 

101.  All  irradiations  were  performed  in  the  Lazy  Susan  Facility  of 
the  General  Atomic  TRIGA  Mark  III  Reactor  operated  by  the  Nuclear  Engi- 
neering Department  of  the  University  of  California,  Berkeley.  The 

Lazy  Susan  is  a specimen  rack  contained  within  a dry  cliamber  sui’round- 
ing  the  reactor  core.  The  specimen  rack  has  Ul  sample  locations  evenly 
spaced  around  the  circumference.  Of  the  Ll  locations,  38  were  avail- 
able for  use. 

102.  With  the  reactor  operating  at  a 1-megawatt  (MW)  power  level 


(thermal,,  tlie  nomlnai  neuti’on  flux  at  midline  of  the  specimen  cliamber 
12  2 

is  5 •'<  10  ii/icjrT  X sec).  All  irradiations  werif  conducted  for  1 !ir  at 
a 1-MVv'  power  level . 

103.  The  samples  remained  in  the  Lazy  Susan  for  at  least  iir 
after  irradiation  to  allow  decay  of  trie  siiort-iived  radionuclides  in- 
duced in  the  aluminum  and  sediment  component;;.  For  tliis  storage  period, 
the  Lazy  Susan  was  placed  in  an  up-positlon  which  is  essentially  out 
of  the  thermal  neutron  flux  and  permits  reactor  operation  for  other 
purposes . 

toil.  The  neutron  flux  experienced  by  the  camples  was  determined 
by  placing  a flux  monitor  in  every  fourth  irradiation  container.  Flux 
monitors  were  known  amounts  of  iridium,  t.l2  x io~^  g Ir.  After  ap- 
proximately 20  days  of  decay,  the  flux  monitors  were  ineas'ured  in  the 
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SRI  li-pi  ion  chamber,  ’ and  the  flux  was  calculated.  The  flux 
calcu...ated  for  a particular  location  was  considered  to  apply  to  the 
irra,diation  cans  adjacent  to  the  can  monitored. 

Sample  counting 

105.  After  at  least  48  hr  of  cooling  time  in  the  reactor,  the 
samples  were  removed,  packaged  in  shielded  containers,  and  transported 
to  SRl's  Camp  Parks  Facility.  At  SRI  the  samples  were  stored  for 
approximately  20  days  to  permit  further  radioactive  decay. 

106.  When  the  decay  period  had  passed,  the  lead  slug  was  removed 
from  the  aluminum  tubing  and  placed  in  a 50. 8-mm-(2-in.-)  diam  aluminum 
foil  weighing  dish.  The  dish  and  lead  slug  were  heated  until  tlie  lead 
melted  and  formed  a smooth  disc  on  the  bottom  of  the  dish.  .After  cool- 
ing, the  sides  of  the  dish  were  folded  in,  and  tiie  sample  was  ready  for 
counting. 

107.  Counting  was  performed  ;ising  an  ORTEC  lithium-flrifted 

germanium  diode  and  preamplifier  connected  to  a Canberra  1024  channel 
analyzer.  The  Canberra  analyzer  was  connected  to  both  a teletype 
printer-paper  tape  unit  and  an  X-Y  plotter.  The  teletjrf>e  printer-paper 
tape  unit  was  used  to  enter  sainple  identification  data  and  to  recwi'd 
output  from  the  Canberra  analyzer.  T!ie  X-Y  pliitter  gave  a visual 
presentation  of  the  sample  spectra  as  shown  in  Figure  l4.  '"’he  j-uncliOii 


paper  tape  wao  uaed  to  Input  the  sample  identification  and  spectra  lata 
into  computer  codes  which  calculated  the  amount  of  iridium  in  a sample 
and  the  mass  of  dry  sediment  per  unit  voluirie  of  wet  Dairt})le.  The  percent- 
ace  of  dredged  material  represented  by  the  iridium  was  then  calculated. 

108.  The  amount  of  iridiiuii  in  a sample  was  calcialated  by  inte- 
grating the  area  under  the  3l6-keV  photon  peak.  Each  sample  was  counted 
for  a total  of  300  sec.  Tiie  following  calculations  were  performed  to 
determine  the  amount  of  iridium  in  a sample. 

109.  Total  counts  (C^p)  in  tiie  3l6-keV  photon  peak  were  deter:::iued 
by  considering  the  counts  in  channels  (c  J 313  and  3l8  or  319  as  being 
background  noise  and  subtractiiig  tills  n.  i.se  value  from  the  total  count.s 


C,p  counts  (ch  313  to  319)  - [3(ch  313)  + Mch  319)] 
if  ch  319  > ch  318 

= Y counts  (ch  313  to  318)  - [3(ch  313)  + 3(ch  3l8)j 


The  C’rp  were  then  corrected  for  decay  to  determine  counts  at  the  end  of 
irradiation 


whore 


-0.693t/T, 


= counts  at  the  end  of  irradiation 


C,p  = counts  at  counting  time 
t = time  after  irradiation  (days) 


T^^g  = half-life  of 


"Ir  (T^*-3T  days) 


C,p  at  irradiation  time  were  then  converted  to  dis/sec 


(B)(S)(RG) 


where 


I = dis/sec  at  end  of  irradiation 
o 

B = counting  time  (300  sec) 
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E = counting  efficiency,  0.023^4  counts  per  disintegration 
HG  = fire  assay  recovery  and  counting  geometry  factor,  0.51^4 
110.  Counting  efficiency  was  determined  by  measuring  a radioactive 
iridium  solution  in  the  SRI  It-pi  ion  chamber  and  tlien  taking  aliquots 
of  tiiat  solution,  diying  the  solution  to  a point  source,  and  determining 
the  count  rate  observed  in  the  3l6-keV  photon  peak  as  previously 
described.  Point-source  counting  efficiency  (E)  was 


^316 


where 

C/S316  = counts  per  sec  measured  under  the  3l6-keV  photon  peak 
= activity  of  the  point  source  (dis/sec) 

The  recovery-geometry  factor  (RG)  was  determined  by  measuring  the 
activity  of  radioactive  iridium  solutions  in  the  SRI  t-pi  ion  chamber 
and  then  tagging  San  Fi’ancisco  Bay  mineral  particles  with  various  con- 
centrations of  the  solution.  The  tagged  minerals  were  fire-assayed 
using  the  same  proceiiures  as  previously  described  and  the  recovered 
lead  was  melted  into  a disc  and  counted.  The  RG  was  expressed  as 


RG  = 


^316 

A X E 
o 


The  weight  of  iridium  3-  sample  was  written  as 


I A 
o 


Ir 


all  mi 
c 


^-0.693t./T^/2\ 


where 


''^Ir  ~ weight  of  iridium  (g) 

I^  = activity  of  sample  at  T^  (dis/sec) 

A = atomic  weight  of  I , 192.2  g 

* ^391,  , N 192,. 

o = neutron  cross  section  of  Ir  (n,Yi  Ir  reaction, 
-22  2 

T.50  X i;j  cm 
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U = Avagadro  numbei’,  6.02  10^  ;:ioIeeule:'/mole 

m = percentage  of  isotopic  abundance  {31-3%) 

2 

= neutron  ilirx  (n/(cm  /sec)) 
t.  = length  of  ii-radiation  (l  hr) 

"^'i/2  ~ half-life  ol‘  (hr) 

With  tlie  weight  of  iridium  in  a sairipie  known,  the  grains  of  iridium  per 
gram  of  dry  sediments  and  the  percentage  of  dredg,ed  material  in  a 


;ample  were  calculated  as  follows: 


(W,  )(Pb  ) 
X r 

(Sw)(Pb  ) 
a 


where 


Sir  = grams  of  iridium  per  gram  of  dry  sediments  (g  Ir/g) 
Pb^  = weight  of  lead  from  fire  assay  proce.jS  (g) 

Sw  = weight  of  sediments  fire-assayed  (g) 

Pb  = weight  of  lead  irradiated 


Percentage  of  dredged  material  = 


Sir  - Bk£ 


^ 100 


where 


Bkg  = naturally  occurring  iridium  in  San  Francisco  Bay  sediments 
plus  iridium  in  fire  assay  chemicals  = 3.l6  x 10“-^  g Ir/g 

D = concentration  of  iridium  in  dredged  materials,  9900  g 

on  5*12  X IQll  g of  sediments  dredged  = 1.95  ^ 10“^  g Ir/g 


Background  for  the  San  Francisco  Bay  mineral  particles  was  determined 
by  the  previously  described  irradiations  conducted  at  University  of 
California  and  noted  in  Table  2,  by  irradiation  and  cliemical  separations 
techniques  conducted  by  the  Lawrence  Livermore  Laboratory,  and  from  a 
large  number  of  fire-assayed  samples  of  sediments  collected  during  the 
sampling  of  San  Francisco  Bay. 

11],.  The  Lawrence  Livermore  Laboratory  determined*  a limiting 
value  only  for  iridium  using  radiochemistry  techniques.  The  limit 


* Memo:  Mr.  Austin  PrLndle  (hrj.)  to  Mr.  E.  Leahy,  PERL,  of  1 March 

191^. 
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determined  was  x 10  g Ir/g  of  sediment. 

112.  To  define  the  iridium  background  for  the  sediments  and  for 
the  fire  assay  chemicals,  a total  of  366  fire-assayed  samples  were 
averaged  and  accepted  as  representing  the  background  of  iridium  in  the 
lay.  The  samples  were  those  showing  "no  iridium"  from  the  early  post- 
dredging collection  periods.  The  arithinetic  average  was  determined  to 
be  i.l6  X 10  g Ir/g  of  sediment  with  a standard  deviation  of 

1.^9  X 10  This  value  was  considered  as  the  best  representation  of 

the  iridium  background  of  the  sediments  including  the  iridium  contrib- 
uted by  the  fire  assay  chemicals. 

113.  Using  3.16  X 10  g Ir/g  of  sediment  as  background,  in  a 
50-g  fire  assay  sample,  the  total  iridiium  from  background  and  chemicals 

Q 

is  1.58  X 10  g Ir  per  counting  sample.  The  level  of  tracer  on  the 

Q 

dredged  sediments  is  1.95  ^ 10  g Ir/g  of  dredged  materials.  Thus, 
in  a sample  with  1 g of  dredged  material  and  h9  g of  natural  sediments, 
the  total  signal  is  3.*+9  x 10  g Ir  per  sample.  This  amount  of  iridiiun 
is  easily  detectable  and  permits  detection  of  dredged  material  concen- 
trations of  2 percent  and  less  in  a sample. 

llU.  Figure  15  shows  a typical  printout  from  the  calculational 
codes  for  one  sample  hole.  The  data  for  the  111  holes  are  presented  in 
Part  I of  Appendix  A,  which  is  published  under  separate  cover.  In  the 
figure,  the  first  two  lines  give  the  coordinates  of  the  sample,  the 
hole  designation,  and  the  name  of  the  general  area  in  which  the  sample 
is  located.  The  third  line  lists  the  date  the  sample  was  collected. 

The  next  four  lines  show  the  distance  to  the  top  of  the  sediment  below 
mliw  in  feet  and  the  thickness  in  inches  of  the  fluff,  active,  and  in- 
active layers  as  recorded  on  the  sample  log  sheets  at  sample  collection 
time. 

115.  The  remainder  of  the  data  lines  pertain  to  a particular 
sample  and  repeat  for  each  sample.  Sample  A represents  the  first 
25.^  mm  (1  in.)  of  material  taken  from  all  five  cores  and  combined  into 
one  sample.  The  number  opposite  sample  A is  the  capsule  number  assigned 
by  SRI  personnel  and  used  throughout  the  processing  steps.  The  nurac'ical 
values  are  not  in  order  since  they  are  assigned  when  a sediment  sample 
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is  processed.  The  density  of  the  layer  is  listed  in  terms  of  grams  of 
dry  material  per  cubic  centimetre  of  wet  mud.  The  amount  of  Ir/g  of  dry 
material  is  determined  from  the  fire  assay  of  50  g of  dry  sediments.  The 
percentage  of  dredged  material  is  determined  as  previously  presented. 
Additional  samples  taken  from  a single  core  at  a location  are  labeled  B, 
C,  D,  etc.  Each  alphabetic  designator  consists  of  101.6  ram  in.)  of 
material.  Thus,  B represents  the  material  residing  between  25.^  and 
127  mm  (l  and  5 in.)  below  the  surface;  C,  between  127  to  228.6  mm 
(5  to  9 in.)  below  the  surface. 

Special  Samples 

116.  In  addition  to  the  samples  collected  in  the  test  areas, 
samples  of  sediments  were  also  collected;  (a)  from  the  hoppers  of  the 
dredge  during  the  February-March  197^  dredging;  (b)  from  selected  shoal- 
ing areas  of  the  Central  and  South  Bays  between  the  cities  of  Riciimond 
and  San  Mateo  (Figures  1 and  l6);  and  (c)  from  10  cross-section  profiles 
of  the  Mare  Island  Strait  (Figure  17).  The  data  collected  from  these 
samples  are  discussed  in  Part  V;  the  reason  for  their  collection  is 
given  below. 

Hopper  samples 

117.  Samples  of  the  materials  being  dredged  from  Mare  Island 
Strait  in  February-March  197^  were  collected  from  the  hoppers  of  the 
Harding  on  every  tenth  dredging  pass.  The  purpose  of  the  samples  was  to 
attempt  to  determine  if  the  dredge  was  rehandling  previously  dredged 
material.  The  dredged  material  was  collected  by  dipping  a new  plastic 
container  directly  into  the  sediments  in  the  hopper  and  immediately 
resealing  "^he  container.  A complete  set  of  results  of  this  sampling 
effort  is  presented  in  Part  II  of  Appendix  A. 

Central  and  South  Bay 
samples  (outside  test  area) 

118.  Samples  of  the  shoaling  materials  were  collected,  using  the 
same  coring  technique  as  in  the  test  area,  at  20  locations  in  the 
Central  and  South  Bays  diirlng  September-December  197^.  The  purpose 
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P’igure  l6.  Tracer  program  location  map  of  station 

areas  beyond  stu<iy  grid 


Figure  17.  Mare  Island  St''ait  cross-section  stations  and 
channel  sections 
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of  thede  samples  was  to  deterinine  if  dredged  material  from  Mare  island 
Strait  which  was  released  in  Car(iuinez  Strait  was  a significant  contrib- 
utor to  the  shoaling  in  the  selected  areas.  These  sfirnples  were  pro- 
cessed in  the  same  inannei-  as  the  other  hay  samples.  The  complete  set 
of  results  of  these  samplings  is  given  in  Part  III  of  Appendix  A. 

Mare  Island  Strait 
cross-section  profiles 

119.  In  September  197^*,  dredging  was  again  scheduled  to  remove 
the  accumulated  sediments  in  the  Mare  Island  Strait.  Prior  to  this 
dredging,  in  late  August  197*+,  30  cores  were  collected  at  10  cross- 
section  profiles  of  the  Mare  Island  Strait.  These  samples  were  split 
into  two  equal  sections  per  sample  tube.  EacJi  section  was  homogenized, 
and  an  aliquot  of  50  g of  dry  sediment  was  taken  for  analysis.  The 
complete  set  of  results  of  this  analysis  is  presented  in  Part  IV  of 
Appendix  A. 
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PART  V:  RB;SULTS  AIJD  CONCLUSIONS 


General 

120.  The  detailed  analysis  and  interpretation  of  sample  data  in 
terms  of  sediment  transport  and  shoaling  will  be  performed  by  the  San 
Francisco  District.  This  report  presents  only  sufficient  data  to  demon- 
strate the  effectiveness  of  the  tracer  for  labeling  and  following  the 
movement  of  dredged  material.  In  the  San  Francisco  District's  report, 
the  results  of  the  tracer  program  will  be  combined  with  data  from  other 
programs  to  produce  an  in-depth  analysis  of  the  sediment  transport  and 
shoaling  process.  This  report  will  also  contain  a complete  listing  of 
all  data  collected  during  the  March-December  197^  sampling  of  San  Fran- 
cisco Bay.  The  same  listing  is  also  included  in  Appendix  A. 

Samples 

121.  During  the  March-December  197^  period,  the  following  samples 
were  collected: 

A total  of  56  samples  from  the  dredge's  hoppers  just 
after  loading  and  prior  to  starting  toward  the  disposal 
site.  (Since  the  Harding  made  706  round  trips,  a sample 
represents  an  average  of  12  trips.) 

Approximately  110  samples  each  month  for  10  months  from 
the  test  area  grid  (Figure  ll). 

c_.  A total  of  30  profile  samples  from  the  Mare  Island 
Strait  in  August  197^  just  prior  to  redredging  the 
channel  in  September  and  October  197^  (Figure  17). 

A total  of  20  samples  from  areas  of  the  Bay  outside  the 
test  area  (Figure  l6). 

122.  From  the  above  field  sampling  operations,  a total  of  3990 
laboratory  samples  and  several  hundred  control  and  background  samples 
were  processed  and  analyzed  fc-r  iridium.  Portions  of  the  results  from 
each  of  the  above  sampling  operations  are  presented  to  demonstrate  the 
tracing  capability  achieved. 
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dopper  sampler 


123.  Table  12  lists  the  date,  time,  approximate  di-edging  location, 
and  percentage  of  dredged  material  in  the  dredge's  hoppers  during  the 
February-March  dredging  operation.  The  drodging  locationc  refer  to 
specific  areas  of  Mare  Island  Strait  (Figiu-e  IT).  An  can  be  seen  in  the 
table,  the  hopper  samples  indicate  concentrations  of  tagged  dredged 
material  of  as  much  as  50  percent,  with  a considerable  number  of  samples 
showing  concentrations  of  10-25  percent.  These  concentrations  of  tagged 
dredged  material  suggest  that  a certain  amount  of  material  was  rehandled 
during  the  dredging  operation  and  indicate  that  tagging  does  permi*: 
tracing  the  dredged  sediments. 

12l.  Interpretation  of  the  iridium  data  from  the  hopper  samples 
ill  terms  of  quantities  of  material  being  rehandled  may  require  assuming 
a uniform  distribution  of  iridium  throughout  the  hopper.  Although  the 
sampling  technique  itself  (i.e.,  immersing  a plastic  container  into 
hopper  sediment)  does  not  permit  a measure  of  accuracy  of  this  assump- 
tion, the  physical  configuration  of  the  loading  system  ensures  good 
mixing  and  distribution  to  both  hoppers.  As  a result,  the  distribution 
siiouid  be  uniform  in  the  lateral  and  longitudinal  directions,  but  may 
not  be  uniform  as  a function  of  depth  in  the  hopper. 

125.  Accidental  contamination  of  the  Mare  Island  Gtrait  or  of  the 
hopper  samples  with  iridium-tagged  sediments  is  considei'ed  unlikely  for 
the  following  reasons: 

a.  Iridium-tagged  sediments  were  never  added  to  the  hoppers 
until  after  the  dredge  had  cleared  the  channel  and  was 
approaching  the  disposal  site. 

Cleaning  the  decks  was  not  permitted  in  the  Strait. 

c_.  do  liquid  discharge  from  laundering  or  other  operations 
wan  permitted  in  the  channel. 

Each  sample  was  collected  in  a new  plastic  container 
removed  from  its  individual  wr-apper  Just  prior  to 
filling. 

e_.  After  filling,  by  immersing  the  container  in  the  hopper 
sediment,  the  container  was  sealed  and  its  outer  surface 
washed  with  frerJi  water. 

_f.  The  sediments  were  spooned  out  of  the  container  in  a 
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Table  12 

Hoppers  of  Dredge  Harding  During  the  February-March  197h  Dredging  Operation 
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Figure  l8.  Data  sheets  for  holes  38  and  ^40,  Carquinez  Strait 
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manner  that  enGured  that  the  analytical  .'nan:;]  c-  would  n'^t 
be  acc ident.al Ly  contaminated  by  any  iridium  that  night 
have  been  iejiocited  on  tlie  out.;ide  oT  the  plant  ie 
container . 

Test  area  samples 

126.  Data  s))eets  for  sampling  locati(;ris  (holes)  in  various  parts 
of  the  test  area  are  shown  in  i'igures  18-20.  Kx.anination  o‘"  the  data 
reveals  tiiat  the  deptli  of  sediment  rieasm-ement  ofteii  con'Mictn  wit);  tine 
thickness  measurements  of  fluff,  active,  and  inactive  layers  as  pre- 
viously defined.  That  is,  ih’om  month  to  month  the  measured  eiaanges  in 
depth  of  sediment  cannot  be  correlated  wit]i  corresponding  ci.ar.ges  in 
the  measured  sediment  layers.  Reference  10  di.scusses  this  conflict. 

127.  With  regard  to  ttie  other  entries  on  t.he  data  sheets,  because 
iridiu;::  concentration  was  determined  on  a dry-weiglit  basis,  it  w.as 
.necessary  to  measure  an  in-place  or  bulk  density  in  units  of  grams  0'' 
dry  sediment  per  cuiiic  centi.metre  of  wet  sediment.  Tiie  reported  den- 
sity measurements  have  a wide  range  of  values.  Gome  of  this  variation 
may  result  from  the  difficulty  of  physically  removing  a tpecifi-.  i 
vol'ume  from  the  core  s:tmple  as  received;  that  is,  marking  25. d mm  (]  in.) 
of  Sediment  on  a 7^2-iron  (30-in.)  column,  remioving  tne  water  above  tiie 
sediment,  and  then  spooning  out  the  sediment  to  a 25.'4-."mi  (l-in.)  ieptii. 

J.23.  The  truj.'ier ical  values  for  the  iridiuit  cone ent rat  1. v;  (g  ir/g 
of  ury  .iediment)  probably  contain  a small  experimental  error  wlien  com- 
pareu  with  the  uncertainties  involved  in  some  of  the  other  steps  of  the 
tracer  program.  Several  sets  of  data  were  obtained  f :-om  replicate  fire- 
assayed  tests  of  sediments  with  known  Iridium  concentrations.  Statisti- 
cal analysis  of  these  data  always  resulted  in  a coefficient  of  variati-  n 
of  less  than  10  percent.  The  overall  experimental  erroi’  for  the  sam- 
pling ari>i  laboratory  operations  was  not  determined  and  probably  couia 
not  be  measured  because  so  many  steps  in  the  oper.ations  could  not  be 
controlled.  However,  many  of  these  errors  are  compensating,  and  the 
large  number  of  sa.mples,  almost  UOOO,  inci'eases  the  credibility  of  the 
final  results. 

129.  The  value  for  the  jiercentage  of  iiredge  material  Jincus:;ed 
previously  was  deteivnined  by  dividing  tlie  measured  iridium  concentration 


J 
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by  the  theoretical  iridium  conceuti-ation  applied  to  the  tap.ped  sedimento, 
ausamiritj  that  all  the  iridium  waa  uniformly  fixed  to  the  tagged  dredged 
sediraenta  which  were  uniformly  mixed  in  eacii  hoppei-  releaaed.  A few 
values  greater  than  100  percent  were  obtained  jjoaaibly  as  the  result  of 
nonuniform  mixing  of  tiie  iridium  witn  the  dredge  sediments.  Then  too, 
as  suggested  by  the  hopper  samples,  since  rehandling  of  previously 
dredged  tagged  sediment  yielded  an  initial  iridium  content,  the  usual 
tagged  sediment  addition  resulted  in  an  iridiuru  concentration  higher 
than  the  theoretical  concentration  described  above. 

130.  The  large  number  of  data  points  obtained  from  the  grid  pat- 
tern was  a challenging  problem  in  analysis  and  jjresentation.  The  solu- 
tion was  tlie  creation  of  a series  of  computer-prepared  graphic  displays* 
of  tii-e  test  area  showing  the  distribution  of  the  taggeu  sediments  over 
space  and  time.  Figui*es  21,  22,  and  23  show  the  sedi.ment  distribution 
for  May,  August,  and  October  197^  as  follows: 

Sediment  Layer May August  October 

Layer  A 

0-25.^  nim  (0-1  in.)  Figure  21a  Figure  22a  Figure  23a 

Layer  B 

25. '*-127  mm  (l-5  in.)  Figure  21b  Figure  22b  Figure  23b 
Layer  C 

127-229  mm  (5-9  in.)  Figure  21c  Figure  22c  r igure  23c 

131.  The  displays  for  May  indicate  that  traced  dredged  sediments 
had  circulated  to  all  parts  of  the  test  area  and  were  deposited  at  tlie 
t'ru"ee  sample  depths.  In  contrast,  the  August  presentations  show  that 
in  the  first  229  mm  (9  in.)  of  sediment  in  many  parts  of  the  test  area 
there  were  essentially  no  traced  dredged  mateidals;  while  in  the  areas 
•where  traced  dredged  materials  were  present,  their  concentration  was 
lower  than  those  in  the  May  period.  In  October  a drainatic  increase  in 
the  concentration  of  traced  dredged  sediments  in  each  of  the  three 
layers  was  noted  as  compared  with  the  August  displays.  Tliis  increase 


* The  plots  were  ju’epared  by  the  U.  G.  Army  Corps  of  Engineers, 
tiydrologic  Engineering  Center,  Davis,  California. 
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OKEiK.t:  nispo&AL  &Tt:nY  j»an  KriANcisco  Hay  and  ksti  ary 

Th#  X • *r#  th#  lot#lion»  •><  Uie  *»«r»  dka^.«v#d  ••  p#r- 

c#ftl  dredge  in»t#ri«l  observed  m Sample  A - b»p  .ayer 


>-hal(  .-rrient  rtredite  material 
rw<j  percent  dredge  material 


Two  to  (our  percent  dre>i|(e  material 
^ ><ir  ti>  41*  pe  r<  ent  dreH|(e  n.a  ter  lai 


K-i{M  to  ten  ,erieni  dredge  material 


I *enty  to  li-r  ty  percent  dredge  mater  >j 
W ^ t > eiit'tJv  peri-ent  dredge  mater. • 


Ci<Mv  t<<  one  hundred  perient  dredae  iriatena. 


b.  Layer  B rri) 

Figure  21  (phe^’b  . - f '■) 
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r<HKl>'.K  OUSKJSAI.  5.nj?V  ‘-'N  _f  HANCISCO_BA  Y AND  t:hTrARY 

The  X ■ the  lixationa  ol  the  «4n-piinit  diaplayerf  as  the  per- 

cent dretltt*  tn»teri4l  •>*'sefve«l  in  Sample  A top  layer 

ViHu-*!  •'ainpluiu  IVrinrt 
^ e ro  to  're  half  ;>er<.eriC  'ireH|(e  material 
• One  half  to  two  percent  flreilKe  material 

9 Two  to  four  percent  dredge  rriaterial 

*■  rmjr  I.’  SI*  percent  dredge  material 

/ SiK  III  e-Kh'  percent  dredge  material 

Q K ght  to  ten  percent  dredge  material 

0 Ten  to  rwer.tv  peri  enl  dredge  material 

^3  iweniy  to  I'lrtv  percent  dredge  material 
K Forty  tn  eighty  percent  dredge  maienai 
■ highly  to  >-nc  hundred  percent  dredge  rr.aieriai 

* Shoreline  trace 


I 


'1.  .I'ly'^r  A fO-?5.A  mm) 

Kiirure  . i rir  poi'V',.]  (she<?t  1 of  ■5) 
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nuLfxife:  ntst>u.SAL  STVi)y  k h ancj.sco  k ay  and  est>  ary 

Th«  X • *r*  Uie  location*  ot  the  *ainplin(i  »iie«  tiiapUyed  »•  the  per- 
cent dredge  trioierial  observed  in  Sample  A • tup  layer. 

S .ni|  lu.,i  Period 

Zero  to  one-half  [percent  rtredne  material 

• One-half  to  two  percent  dredge  material 

♦ isn/o  to  four  percent  dredge  mater. al 

+ Four  to  *i»  percent  dredge  n.a'erial 

X Si*  ui  eight  percent  dredge  material 

Q Eight  to  ten  percent  dredge  material 

y Ten  to  twenty  percent  dredge  material 

Q Twenty  to  lorty  pen  enl  dredge  material 

Cj  Forty  to  e.ghly  percent  dredge  material 

■ E.ghty  to  one  hundred  percent  dredge  material 

* Shoreline  (race 


c.  Ti'iyer  C (127-228.6  mm) 
Fif^ure  22  (sheet  3 of  i) 
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nREnOE  DISPOSAL  STUnV  SAN  ^'RANCtSCO  BAY  AND  KSTLArt  Y 


Th«  X • «re  th«  locations  of  sampUnK  •itea.  displayed  as  the  per 
c«nt  dredge  cneterial  -jbeerved  III  Sample  A • top  layer- 


.erial  -jbaerved  m Sample  A • top  layer. 

0»  tube  r nipl  iiiK  f r ii'O 
Zero  to  i>ne-nalf  percent  dredge  maiei 
One-hall  to  N.0  percent  dredre  niateri 
Two  to  four  percent  dredge  material 
Four  to  SIX  {lerccnf  dredge  n.aierial 
Six  to  eight  [lerrerit  dredge  material 
Eight  lo  ten  ;>ercenl  dredge  material 
Ten  to  twenty  percent  dredge  materia 
Twenty  to  forty  percent  dredge  mater 
Forty  to  eighty  percent  dredge  matori 
Eighty  to  one  hundred  percent  dredge 
Shoreline  trace 
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nKErxiE  DISTOSAL  STUDY  - SAN  KMANUSCO  PAY  ANDESTLARY 
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The  X * are  the  loc 
cent  dredge  meterii 
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Shoreline  trace 
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resulted  from  the  September-October  197^  dredging  of  the  Mare  Island 
Strait  which  redistributed  the  tagged  sediments  previously  introduced 
in  the  I'ebruary-March  197^  dredging.  In  the  authors'  opinions,  the 
October  results,  occurring  seven  months  after  the  introduction  of  the 
traced  sediments,  provide  conclusive  evidence  of  the  success  of  the 
sediment  tracing  technique  developed. 

132.  Similar  figures  have  been  plotted  (not  included)  for  each 
month  from  April  to  December.  In  April  the  traced  sediment  had  circu- 
lated to  all  locations  in  the  test  area.  The  traced  sediment  concentra- 
tions then  proceeded  to  decline  through  September,  as  illustrated  in  the 
flay  to  August  comparison.  After  the  October  increase,  the  concentration 
decreased  again  in  November  and  December.  These  changing  patterns  can 
result  from  tagged  particles  returning  to  the  Mare  Island  Strait,  tagged 
particles  being  carried  out  of  the  test  area,  dilution  of  the  tagged 
particles  with  inert  particles,  or  tagged  particles  being  covered  by 

a new  layer  of  inert  particles.  An  attempt  will  be  made  to  evaluate 
these  separate  effects  in  the  San  Francisco  District  report. 

Mare  Island  Strait  profile  samples 

133.  The  locations  and  iridium  concentrations  of  the  profile 
samples  collected  in  the  Mare  Island  Strait  just  prior  to  the  September- 
October  197^  dredging  operation  is  shown  in  Figure  2h.  Concentrations 
of  traced  dredged  materials  are  given  for  layers  B and  C and,  where 
available,  for  layers  D and  E.  Layers  B and  C were  determined  by  divid- 
ing the  sediment  column  received  in  a 762-mm  (30-In.)  sampling  tube  into 
two  equal  sections.  Thus,  the  B and  C layers  represent  the  material  re- 
siding in  the  first  762  mm  (30  in.)  of  sediment  below  the  surface.  In 
some  cases,  a second  core  was  obtained  by  pushing  another  762-mm 
(30-in.)  sampling  tube  into  the  sediment  layer  762  to  15214  mm  (30  to 

60  in. ) below  the  surface.  This  tube  was  then  equally  divided  and 
designated  D and  E layers.  The  iridium  concentration  gradients  defined 
by  layers  A-E  indicate  that  152L  mm  (60  in.)  was  not  sufficiently  deep 
to  account  for  all  the  traced  <iredge  material  and  that  indeed  the  deeper 
sediments  may  have  had  a higher  concentration  than  the  layer  E samples. 
Verification  of  the  higher  concentrations  in  the  deeper  sediments  was 
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not  possible  because  the  dredge  removed  more  than  a L52l.-jnm  (60  in.  ) 

depth  of  material  in  Mare  Island  Strait  during  the  September-October  | 

dredging  operation.  As  a result,  the  Mare  Island  Strait  profile  data  * 

cannot  be  used  to  rigorously  account  for  the  high  traced  sediment  con-  | 

centrations  detected  throughout  the  test  area  in  the  October  sampling. 

13*+.  In  an  attempt  to  determine  wtien  and_- liow  much  traced  dredge 
sediments  reentered  the  Mare  Island  Strait  during  the  entire  testing 
period,  other  data  were  analyzed.  Figui'e  25  shows  the  data  collected 
for  the  March-Dec ember  sampling  of  holes  1-6  and  63-6*).  These  holes 
are  located  in  the  Mare  Island  Strait,  as  shown  in  Figures  11  and  1?. 

In  Figure  25,  sample  A is  for  the  0-25.*)-inm  (O-l-in.)  layer  of  sediment, 
and  each  sample  from  B on  is  for  an  additional  101.6  mm  {h  in.)  of 
sediiaent . 

135.  In  the  first  sampling  periods  of  March,  during  dredging  and 
tagged  sediments  Introduction,  the  concentrations  of  tagged  sediments 
sampled  from  the  Strait  and  those  collected  from  the  dredge's  hoppers 
(Table  12)  show  a reasonable  relationship.  After  March,  the  concentra- 
tions were  lower  in  an  equivalent  layer,  but  a similar  concentration 
can  often  be  seen  (Figure  25)  in  layers  of  greater  depth,  suggesting 

a continuous  buildup  of  sediment  above  the  original  heavy  influx  im- 
mediately following  dredging. 

Samples  from  outside  test  area 

136.  Table  13  lists  the  stations  sampled  outside  of  the  tracer 
progJ’an  test  area  and  the  percentage  of  traced  sediments  noted  at  each 
location.  The  locations  of  the  sampling  stations  can  be  seen  in  Fig- 
u>’e  i6.  Tlie  data  Indicate  some  tagged  sediments  to  be  in  tiie  area 
ad.jacfnt  to  the  cities  of  Oakland  and  Alajneda.  All  of  the  samples  were 
taken  in  the  September-December  197*+  period,  ::ix  montiis  after  tlie  or.I- 
(-•itial  introduction  of  the  tagged  sediments  but  d'uring  and  after  the 
redredging.  Thus,  it  is  not  possible  to  determine  the  arrival  time 

' the  traced  material. 

Conclusions 

137-  All  objectives  of  the  iJhRL-.'';Rl  joint  study  to  identify, 
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Table  13 


Samoles  from  Outside  Test  A:‘aa 


Percent 
IR  in 
Dredge 


Grams 

Dry/cc 


Location 

Depth* 

D.ate 

Material 

Wet  Mud 

Hli*2 

A 

0921+71+ 

0 

1 . 222 FA  00 

HIU2 

B 

0921+71+ 

0 

9.266K-OI 

HIU2 

C 

0921*71+ 

0.670 

9.21+9H-01 

HIU2 

D 

0921*71+ 

0 

7.902K-01 

H143 

A 

0921*71+ 

3.517 

6.O7IK-OI 

Hli*3 

B 

0921+71+ 

1.717 

5. 506B-OI 

HIL3 

C 

0921*71* 

0 

1+.  328E-OI 

HlitU 

A 

O92I+7I* 

0. 381 

I+.82IE-OI 

HlUU 

B 

O92I+7I+ 

0 

3.983E-01 

HlUU 

C 

O92I+7I* 

0 

5.123E-01 

Hlit5 

A 

O9277I+ 

0 

6.139E-01 

HIU5 

B 

O9277I+ 

0 

3.635E-01 

Hll*5 

C 

O9277I+ 

0 

1+.1+27E-01 

HlJi6 

A 

092771+ 

0.693 

6.691+E-Ol 

HIU6 

B 

O9277I+ 

1.21+0 

3.639E-OI 

HIU6 

C 

092771+ 

1+.380 

5.1+25E-01 

HI  1+6 

D 

092771+ 

0.  569 

5.1+12E-01 

HIU6 

G 

092771+ 

0 

5.102E-01 

H14T 

A 

IO297I+ 

2.525 

1.383E+00 

Hll+Y 

B 

IO297I+ 

0.973 

6.1+27E-01 

Hil+8 

A 

IO297I+ 

0 

7.533E-01 

HI  1*8 

B 

IO297I+ 

0 

1+.805E-01 

HIU8 

C 

IO297I+ 

0 

1+.11+3E-01 

HI  1+9 

A 

IO307I+ 

J .097 

6.897E-01 

HI  1+9 

B 

IO307I* 

0 

9.1+38E-01 

Hll*9 

IO307I+ 

0 

9.1+1+2E-01 

HI  50 

A 

IO307I+ 

0 

8.O63E-OI 

Hi  90 

B 

IO307I+ 

0 

5 . 92I+E-OI 

HI50 

C 

103071+ 

0 

5.1I+5E-OI 

(Continued ) 

* A = 0-29 .1+  (0-1  in.). 

B = 29.I+-127 

mm  (1-5  in.;. 

C = 12T-229 

mm  ( 5-9  in . ) • 

D = 229-330 

(ii^l3  in.  ) . 

G = 533-035 

nun  ( 21-25  in . ! 

I. 
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Table  13  (Concluded) 


Percent 

IR  in 

Grams 

Dredge 

Dry/cc 

Location 

Depth 

Date 

Material 

Wet  Mud 

HI  51 

A 

10317^ 

0 

8.628f:-01 

HI  51 

B 

10317i< 

0 

7.373E-01 

HI  51 

C 

10317^+ 

0.371 

7.864E-01 

HI  52 

A 

11267^+ 

0 

6.735E-01 

HI  52 

B 

11267^* 

0 

6.818E-OI 

H152 

C 

11267^* 

0 

6.978E-OI 

H153 

A 

II267U 

0 

I.296E+OO 

H153 

B 

II267U 

0 

1.605E+00 

H153 

C 

11267^* 

0 

I.5C3E+OO 

H15‘+ 

A 

II267U 

0 

5.678E-OI 

H15>^ 

B 

II267U 

0.057 

5.3OOE-OI 

HI  5^ 

C 

11267^* 

2.411 

6.973E-01 

H15^* 

D 

II267U 

0.!+02 

8. 53OE-OI 

H155 

A 

II267U 

0 

6.7IIE-OI 

H155 

B 

11267k 

0 

7.330E-01 

H155 

C 

11267i* 

0 

6.685E-01 

HI56 

A 

11267^* 

0 

5.6!+7E-01 

HI56 

B 

II267U 

0 

8.6o4E-01 

HI56 

C 

II267U 

0 

9.253E-01 

HI  57 

A 

12197^4 

0 

8. 52IE-OI 

H15T 

B 

12197 

0 

8.126E-OI 

HI  57 

C 

12197^* 

0 

7.95OE-OI 

HI  58 

A 

121971^ 

0 

6.60IE-OI 

HI58 

B 

12197^4 

0 

4.938E-OI 

HI58 

C 

12197U 

0 

3.669E-OI 

HI  59 

A 

12197^ 

0 

7. 35IE-OI 

HI59 

B 

12197!+ 

0 

6.!+!:0E-01 

HI59 

C 

12197!+ 

0 

7.I8OE-OI 

HI60 

A 

12197!+ 

0.013 

8.  579E-01 

HI  60 

B 

12197!+ 

0 

8.913E-01 

HI60 

C 

12197!+ 

0.179 

5.829E-OI 

HI61 

A 

12197!+ 

0 

9.16IE-OI 

HI61 

B 

12197!+ 

0 

7.623E-01 

HI61 

C 

12197!+ 

0 

8.569E-OI 

dtjvelop,  and  dt,.-mon;jtrate  a suitable  tracer  for  following  the  movenent  of 
dredged  sediment  in  tiie  ban  Francisco  Bay  wore  successfully  accompliciicd . 

133.  Iridium  was  found  to  be  the  most  cost-effective  chemical 
element  for  tagging  and  ti’acing  sediments  in  the  Can  Francisco  Jiay . 
Althougii  iridium  would  probably  be  effective  in  most  areas  because  of 
its  low  natural  abundance  and  neutronic  propei-ties,  other  crietnical 
elements  may  be  moi’e  cost-ei’fecti ve  for  tracing  .dredged  sediments  in 
otiier  locations. 

139-  The  sediment-tagging  procedure  yiel.led  a workable  and 
i.factical  tracer  that  was  capable  of  identifying  dredged  sediment  con- 
centrations as  low  as  one  percent. 

■5 

iTtO.  From  the  .Mare  Island  Strait,  2,000,000  yd  of  'iredged  sedi- 
ments were  tagged  with  iridiuiri.  Approximately  1,000  s:xmples  were 
collec’ted  and  analyzed  over  a period  of  almost  .a  year.  The  data  will  'ne 
used  to  define  the  deposition,  dispersion,  and  long-term  cLi'calation 
patterns  of  sediments  dredged  from  the  Hare  Island  Strait. 
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INCLOSURE  2 


Tracer  Program  Sample  Analysis  Data 
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VOLUME  OF  DREDGED  MATERIAL 
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VOLUMES  (YD^)  OF  DREDGED  MATERIAL  BY  DEPTH,  LAYER 


SUBTOTAL  122,000  27,000  90,000  209,000 
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INCLOSURE  A 


Graphical  Displays  of  Percent 
Dredged  Material  for  Layers  A,B,  and  C 
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SIMMARY 


One  phase  of  the  Dredge  Disposal  Study  is  to  develop  procedures  for 
predicting  the  dispersion  and  dep(}sition  of  dredged  sediment  in  San 
Francisco  Bay.  This  report  describes  a mathematical  model  which  can  bo 
used  to  determine  the  movement  of  particles  in  an  estuary.  By  repeated 
applications  of  the  mathematical  model,  the  movement  of  many  particles 
deposited  at  a dumping  site  over  a period  of  time  can  bo  traced.  The 
model  can  thus  he  used  to  simulate  dredged  material  dispersion  and  deposi- 
tion. This  model  has  been  computerized  for  implementation  on  a CDC  7600 
computer  system.  The  computer  model  is  called  DREGSIM  and  is  coded 
primarily  for  particle  movement  simulation  in  the  San  Pablo  Bay  area  of 
San  Francisco  Bay. 

Results  of  extended  particle  simulations  with  DREGSIM  indicate  a 
largo  amount  of  material  moves  into  Mai-c  Island  Strait  from  the  current 
dumping  site  at  the  west  end  of  the  Carquinez  Strait.  In  addition,  sig- 
nificant quantities  of  material  deposited  at  the  current  dumping  site 
can  be  found  subsequently  at  (1)  the  Carc)uinez  Strait,  (2)  the  southci-n 
side  of  the  main  channel,  (3)  ai'eas  of  the  Napa  Sloughs,  (4)  the  mouth 
of  the  Petaluma  River,  and  (5)  the  entrance  to  the  central  Bay.  The 
results  indicate  further  that  loading  of  Mare  Island  Strait  may  occur 
as  a result  of  sediment  entering  into  the  Ba.v  via  the  Carquinez  Strait. 

The  simulation,  however,  did  not  indicate  movement  of  particles  into  the 
main  channel  from  the  current  dumping  site.  There  was  also  no  indication 
that  particles  entering  from  the  central  Bay  would  cross  the  main  channel 
and  deposit  on  the  northern  side  of  Sar  Pablo  Bay:  instead,  these 


particles  moved  along  the  south  side  of  the  main  channel  and  eventually 
into  the  Carquinez  Strait. 

The  UREGSIM  model  should  bo  given  further  test  runs  and  i-esults 
compared  with  data  obtained  by  the  San  Francisco  Bay  Tracing  Program. 
The  model  can  then  be  modified  to  provide  more  accurate  predictions  of 
dredged  material  dispersion  and  deposition. 

Documentation  of  DREGSIM  and  instructions  for  its  use  are  presented 
in  Volume  II  of  this  report. 
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I INTRODUCTION 


Because  of  the  growing  concern  for  possible  adverse  effects  on 
nektonic  and  benthic  organisms  due  to  disposal  of  dredged  sediment,  more 
information  is  needed  on  the  dispersion  and  deposition  of  dredged  mate- 
rials. The  Material  Release  study  element  of  the  Dredge  Disposal  Study 
addresses  this  question,  and  one  phase  of  this  study  element  is  to 
develop  methods  for  predicting  the  long-term  fate  of  deposited  dredged 
materials.  This  report  describes  a mathematical  mrxlel  which  simulates, 
th.-  movement  of  particles  in  an  estuary  and  which  can  bo  used  to  predict 
the  dispersion  and  deposition  of  dredged  material.  Results  frirm  the 
computerized  version  of  the  model  are  also  presented.  The  computer-  model 
is  called  DREGSIM  and  is  coded  for  the  CDC  7600  computer  system.  The 
documentation  of  the  computer  model  and  users'  instructions  will  bo 
presented  in  Volume  II  of  this  report. 

The  primary  advantage  in  using  mathematical  models  to  determine  the 
outcome  of  a particular  set  of  prescribed  conditions  is  the  ability  to 
exactly  reproduce  these  cr  Jltions  for  various  tests.  Also,  extreme 
occurrences  of  various  parameters  can  easily  bo  generated  to  test  the 
reaction  of  the  system  to  extreme  conditions. 

Clearly,  if  the  final  deposition  of  the  dumped  dredged  materials 
can  be  determined  mathematically,  then  mitigative  procedures  can  be 
developed  to  remove  adverse  conditions  brought  about  by  current  dredging 
operations.  In  addition,  future  dredging  operations  could  bo  analyzed 
to  determine  a method  of  disposing  the  dredged  materials  in  the  least 
harmful  way. 


r 


The  mathematical  modclinp-  project  is  closely  aliKnocl  with  the  San 
Francisco  Hay  Tracing  Program  being  conducted  by  the  San  Francisco 
District,  I'SAEWES  Explosive  Excavation  Research  Laboratory  and  Stanfoi-d 
Research  Institute.  It  is  hoped  that  the  information  from  the  tracer 
program  can  bo  used  as  input  for  the  mathematical  model.  Conversely, 
it  is  expected  that  the  mathematical  model  will  provide  information  for 
the  tracer  program. 

This  effort  has  made  use  of  previous  modeling  efforts  wherev'er 
feasible  and  practicable,  modifying  and  changing  existing  work  to  make 
the  model  more  useful  in  the  established  tasks. 
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II  OliJECTIVES 


r 


The  objectives  of  the  current  study  ai-o  to: 

• Perform  a limited  literature  seui'ch  to  determine  the  extent  of 
dredj^ed  material  modeling. 

• Incoi'porate  a matej'ial  t nin^iparl  model  into  an  existing 
estuary  model. 

• Assemble  existing  data. 

• Simulate  various  conditions  in  San  Francisco  Day  in  the  area 
of  Mare  Island. 

• Pi’cpare  a I’opoi’t  and  recommend  future  modeling  pi’ojects. 

The  study  is  more  concerned  with  simulating  the  characteristics  of 
dredged  material  dispersion  in  San  Francisco  Bay  than  with  developing  a 
rigorous  numerical  model  with  general  appl ical>i li ty  . In  this  respect, 
it  is  important  to  simulate  many  varying  conditions  so  as  to  olstain 
information  about  the  unique  characteristics  of  tlie  Bay.  Data  for  the 
model  were  obtainetl  from  existing  data  sources. 


Ill  .VffiTHOU  OK  APPHOACH 


3 . 1 Theoretical  Consldoi-at 
3.1.1  In 1 roduct ion 

This  section  describes  an  approac-h  to  numirical  simulation  ol 
dredged  materials  dispersion  in  San  Francisco  Bay.  In  particuitir.  tlie 
principles  of  estuarine  hydrodynamic  and  sedimentation  were  applied  to 
study  the  transport  and  dispersion  of  dredged  materials  in  the  northern 
portion  of  the  Bay.  The  procedure  is  concerned  with  extracting  inlormation 
about  the  physical  system  from  numerical  experimentation  in  ci.n  lunct  ion 
with  truth  data  obtained  from  the  San  Francisco  Bay  fracing  T’rtjgrain.  A.s 
such,  the  iirocedure  is  not  concerned  with  developing  now  numerical  models 
hut  utilizes  existing  models  as  much  as  possible. 

.Accurate  mathematical  .simulation  and  iircdiclion  oi  any  natural 
phenomenon  must  he  preceded  by  an  intimate  understanding  of  all  the  com- 
ponents contributing  to  the  final  outcome.  From  this  ttndcr.siandi  ng  can 
he  developed  a mathematical  relal  ionshi))  llial  descrilios  an  outcome  for 
a particular  set  of  circumstances  and,  dciiending  on  the  complexity  of 
the  model,  a solution  can  bo  fouiul.  Generally,  the  mat hemat i ca 1 model 
is  formulated  for  a continuum,  hut  because  analytical  solutions  arc  im- 
possible, the  problem  is  solved  numerically  at  a linite  number  oi  cii-crclc 
points  and  extrapolated  to  neighboi-ing  points  of  the  continuum.  This 
process  of  discretization  iniroduces  a number  of  deviations  from  real 
behnvior,  depending  on  the  numerical  technique  clioson  and  the  .siiacing 
of  the  solution  points  (mesh  or  grid  points).  Therclore,  before  the 


tofhnicul  clotails  ol'  Ihc  ciirruiit  study  m-c  presented  it  is  important  to 
present  tlie  rationale  underlying;  the  model. 

A mathematical  model  can  Ito  thought  oi  a.s  a mathemat  ic;al 
analog  of  its  prototype  counterpart.  Generally,  the  mathematical  expro.s- 
.sions  oi  the  relevant  physical  proce.s.ses  arc  estaltlished  and  a.sseml)ied 
to  form  the  mathematical  nuKlel.  The  model  is  then  simplified  Ity  neglect- 
ing those  component.s  that  are  obviously  not  influencing  tlie  prototyije  to 
a great  degree.  Finally,  the  model  i.s  .solved,  either  analytically, 
numerically,  or  with  another  analog,  depending  on  the  complexity  of  the 
final  model.  The  final  solution  Is  intended  to  describe  (within  tolerable 
limits)  the  action  of  the  components  of  the  prototyiie  to  some  im])osed 
constraints.  The  accuracy  of  the  simulation  will  depend  on  tlie  sulia- 
bility  of  the  clioice  of  simplifying  assumptions  and  on  tlie  ciuantity  and 
quality  of  data  available  for  calibrating  the  model. 

15.1.2  Statement  of  tlie  Pi-oblem 

This  study  trcat.s  the  movement  of  specially  marked  di’edged 
niaterlals  in  an  estuary  influenced  by  tidal  action.  Figure  3.1  shows  the 
extent  of  t lie  study  area  and  indicates  the  important  landmarks  for  orien- 
tation purposes.  The  motion  and  subsequent  position  of  a particle  will 
be  governed  by  the  fluid  velocity,  density  and  pressure,  and  the  particle 
size  and  density.  A model  is  developed  for  estimating  the  motion  of  the' 
dredged  materials  di.sposetl  of  within  the  estuaries. 

The  basic  three  ilimcn.sional  hvdrodynamic  equations  governing 
the  fluid  motion  are  first  transformed  into  usable  form  lor  tlie  case  of 
a well  mixed  e.stuary  . Tliesc  equations  include  the  effect  of  wind,  bottom 
-iress,  tidal  ticiion  and  turbulent  diffusion.  Tlicn,  the  equations  govern- 
ing tlU'  notion  of  a single  particle  in  a moving  fluid  are  itresenled, 
n.i  I 1 V , an  equation  expressing  the  mean  concentration  in  a column  oi 
• r i ' i no  1 u'led  . 
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3.2  The  Governing  Kqua lions 


3.2.1  Basic  Hyi.lrodynaiiiic  E(|UUlioiis 

The  motion  of  a fluid  in  an  esluar\  can  be  described  in  terms 
of  its  velocity,  density  and  pressure  (temperature  is  assumed  to  >e  con- 
stant). These  three  vai-iables  can  be  mathematically  r'eprescnted  by  five 
equations  expressing  conservation  of  momentum  and  mass,  and  an  equation 
of  state  which  relates  density  to  the  existing  temperature  and  pressure. 
For  this  study  it  is  assumed  that  the  density  effects  are  negligible  and 
that  density  can  be  considered  as  lieing  constant  . The  remaining  four 
equations,  in  cartesian  coordinates  can  Ite  expressed  as: 


(3.1) 


Bu  d(uu)  ^(uv)  9(uw) 

^ + ' + + — — 
Ot  ox  oy  8z 


1 -P 

P — + 1 V + V 


"V  5 (uv)  ^ ^ (vv)  ^ 9(vw) 

? t 9x  5y  oz 

Sw  d (uw)  ^ ( vw ) 5(ww) 

^t  ?)x  r'y  5z 


1 ^ 
r -y 

i 

P oz 


(3.3) 


(3.1) 


wheie  u,  v,  w = velocity  components  in  x,  y,  z direction 

P = density 

P = pressure 
/ 

V = viscosity 

g = gravitational  acceleration 
f Coriolis  parameter 

When  appropriate  initial  and  boundary  conditions  ai’C  specified, 
these  equations  completely  riesci  ibe  the  t i me-depc'iidcnt  fluid  motion. 
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(.•omplex  tu  Ik-  j;ivfii  rigorous  nuiiifr  i c:a  1 l i I’a  I iihmU  . Tluicloro,  appi'oxi- 
nialLon  bast'd  on  I lu'  pliysios  of  the  siudy  area  mu  ,I  he  i n1  roducud  lu 
simplily  flit-  oquatioiis  and  make  them  anrenable  to  soliilion  v,  1 1 li  a hifili 
speed  digital  computer.  .At  this  .iunoUire  it.  i-  n,-  ,umed  that  the  ec|Uation.s 
are  written  for  mean  flows  and  that  llie  visco.'-ity  term  (v*)  includes  Die 
turbulent  edfly  diffusion  contribution. 

3.2.2  .Approximations 

The  followintt  ussumiJtions  arc  made  concernim;  the  -San  Palilo 
Bay  area  of  San  Francisco  Bay; 

1.  The  estuary  is  essentially  well  mixed. 

2.  Vertical  velocities  and  vertical  fluid  acceleration'-, 
are  negligible. 

3.  The  tidal  action  of  the  estuaj-y  is  a result  only  oi  the 
oceanic  tide  at  the  estuary  mouth. 

4.  As  a general  rule,  tlie  fresh  water  flows  will  lie  un- 
impoitant  when  compared  with  the  tidal  flows. 

5.  Due  to  the  fresh  water  inflows,  there  will  always  lie 

a net  flow  seaward.  Tliese  inflows  can  he  accouniod  for 
l)y  ijropcr  pre scr i])t ion  of  the  boundarx'  at  the  freshwater 
source . 

G.  The  density  of  the  receiving  water  (i-)  is  not  altered 

appreciably  by  the  disposal  of  Ihe  liredgcd  materials. 

Hence,  the  equations  of  3.2.1  arc  still  appropriate. 

Because  the  estuary  is  well  mixed  and  tlio  vertical  velocities  arc  small, 

the  equations  of  motion  can  be  integrated  over  liie  vertical.  The  pressure 

(P)  can  be  assumed  to  lie  hydrostatic,  that  is; 

P = + P (3..-)) 

o 

where  a = surface  elevation 

P = surface  pressure, 
o 
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The  first,  .second,  and  sixth  assumptions  listed  above  are 
simplifications  of  tlie  complex  Iiydrodyn;imics  of  an  estuary;  such  simpli- 
fications are  necessary  to  constrain  the  model  development  to  manaKcablc 
proportions.  If  tidal  flows  are  considered  to  be  the  jiredominant  loi'ce 
in  the  movement  of  particles  in  the  Bay,  then  these  simplifications  would 
not  affect  the  computed  results  significantly.  The  third  assumption  is 
valid  for  San  Pablo  Bay  because  the  Bay  is  relatively  small  and  tidal 
differences  within  it  are  insignificant.  The  fourth  assumption  is  valid 
for  San  Pablo  Bay  under  conditions  of  low  fresh  water  inflow  dui-ing  the 
summer  and  fall  months.  The  higher  fresh  water  inflow  during  the  winter 
and  spring  months  will  certainly  have  a greater  influence  on  the  movement 
of  sediment  in  the  Bay;  however,  the  model  still  considers  the  tidal 
flows  to  bo  the  predominant  factor.  The  fifth  assumption  implies  fresh 
water  inflow  data  are  available  and  open  landward  boundaries  of  the 
estuary  can  be  specified  accurately. 
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3.2.3  Vertically  lnle(i;raled  Kc|uatioiiri  oi  Motions 

Introducing  the  approxi ma I ion.s  into  fc-qs.  (3.1)-(3.1),  inte- 
grating irom  the  bottom  to  the  surlaee  and  introducing  tlie  apiiropriate 
boundary  condition.s  leads  to: 


wlicre  \ = i + h 
h = depth 

overbars  indicate  a vertical  average. 

Subsequently,  all  the  vertically  averaged  variables  will  be  written  without 

overbars.  Eciuations  (3.6),  (3.7)  and  (3.8)  constitute  the  mathematical 

model  used  in  this  study  to  determine  the  fluid  motions  in  the  estuary. 

The  bottom  stress  terms  (T  , T ) and  the  wind  stress  terms  (T  , T ) 

bx  by  wx  wy 

are  defined  as  follows: 

- ? 1 / 2 

^ ^ ^ U(lf  +V  ) 

bx  ' ^ X 


T 

by 


T 

wy 


T 

wy 


^ 1 2 

Pg  V(U  tv  ) 


C 


P 

a 

0 


p 1 ' 2 

(W  +W  ) 

X 

> 


■ 1/2 

0 C W (W  ‘•+W  ) 

a I)  y X y 


0 \ 


(3.0) 


10 
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where  W , W = wind  speed  components 
X y 

C = Chezy  coefficient 

= suitable  drag  coefficient  ('^.0013) 

a density  of  air 

— = (~.0012) 

p density  of  water 

The  apparent  viscosity  w'  is  given  by  the  relationship 


(3.10)  \ 

I 


3.2.4  Particle  Movement 

The  settling  and  movement  of  suspended  particles  in  the  estuary 
is  a function  of  the  hydrodynamics  at  work,  as  well  as  the  size  and  shape 
of  the  particle  and  the  chemical  composition  of  the  water  and  particle. 

The' settling  of  the  particles  will  be  controlled  by  the  size  and  density 
of  the  particle  and  the  vertical  accelerations  of  the  water.  Accord- 
ing to  Murry^  the  vertical  velocity  of  a suspended  particle  can  be  modeled 
by: 

clW  g(P  -P  ) p 

p 1 p w w 

dt  p V p p 

P P P 

where  W is  the  instantaneous  particle  velocity,  F is  the  drag  force 
P 

given  by 

F = - C p d^ I W 1 W , (3.12) 

8 D w 1 ol  o 


11 


KdW 


dt 


dt 


(3.11) 


V = V + e 


where  e = A 1 


1 { 

X y [ 


s + s + 

XX  yy 


2S  S I 
xy  XV ) 


A = scaling  parameter 

1,1  = length  scales 

X y 

au  av  au  av 

S ,S  ,S  =2—  ,2—  , — + — 

XX  yy  xy  ax  oy  ay  ax 


viscosity  of  water 
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Z IS  tho  ^rav  i t a t ioiKi  1 accc  1 fiat  Ion  , 0 is  t tie  iluid  dcnsil.v,  K is  tlie  ! 

w 

I'ot.  i i 1 c i on  t ot  atlcU'd  i:ias.^,  V is  Uif  partiolc-  volume,  W is  Uic  relative 

o 

iiarliele  spifd,  W is  the  vertical  v-aler  veloiitv,  C is  the  coeilicienl  ' 

■ 1)  f 

i, 

ot  drau,  and  d is  the  particle  tliameler.  li  the  absolute  particle  speed  ; 


tt  is  deliiu-d  as  W = W -W  , then  Kci . (3.11)  can  lie  rewritten  as 
o o p 


Del  ini  Hit  the  iiarticle  Revnolds  number  (R  ) = W d/v  wihere  \V  is 

cp  pt  pt 

the  terminal  settling  velocity,  it  i.s  the  particle  diameter  and  v is  the 
Kinemttlic  viscoscity,  llie  dras  loeiCicient  assumed  to  be 


2 1 

C = --  i(R  ) 
D R e 

e 


(3.M) 


where  i(R  ) = 1.0 
e 


R <0.5 
c 


= (1.0  t — « ) 

lu  e 


1/2 


R () . .5  < 1 . 0 
c 


.63  1.38 

= 1.0  t .197  R s .0026  R 1.0  - R - 100 

e e e 


= 1.0  t-  .150  R 


0.687 


100.0  R 


e c 

The  termitial  settling  velocity  oi  a spherical  jiarticle  iailing  in  ciuiescent 
wat  er  is 


W 


pt 


1)  ' V. 


1 /2 


(3.15) 


whore  D ,o  = densitv  of  particle,  water 
p w 

K = gravitational  acceleration. 
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Note  that  the  drag  coefticienl,  Reynolds  number  and  terminal  velocity 
must  be  solved  by  iterative  procedures. 


3.2.5  Basic  Sediment  Transport  Equation 

McLaughlin^  gives  the  general  basic  equation  for  the  trans- 
port of  fine  sediments  based  on  the  conservation  of  sediment  mass.  For 
two-dimensional  flow  the  equation  is: 


^t 


?s  „ b ( 9 / 9s\  ^ 

V — + — e — ) + — e — + S.  (3.16) 

9x  dy  9x  \ X 9x/  9y  \ y By / “ lo 


whore  S is  the  concentration  and  S is  the  contribution  from  sources 

io 

and  sinks.  Boundary  conditions  and  initial  conditions  must  be  specified 
before  Eq.  (3.16)  can  be  solved.  The  boundary  conditions  assumed  in  this 
study  are 

BS 

— =0  at  solid  boundaries 
Bn 

S = specified  at  open  boundaries. 


Using  the  velocity  field  obtained  from  Eq . (3.6)  and  Eq . (3.7),  Eq . (3.16) 
can  be  numerically  integrated  to  obtain  concentrations  at  each  point  in 
the  estuary. 
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IV  NUra’.IUCAL  MODKL 


■1 . 1 \otat  ion 

Trans rormat ion  of  a mathematical  model  into  a usable  numerical  model 
is  accompanicxl  by  a large  prolifei’ation  of  terms.  To  avoid  the  i)roblems 
associated  with  the  numerical  rcpresentaiions  of  spatial  and  temporal 
derivatives,  the  following  definitions  are  used: 


1.  n,  i,  j - lienotc  time,  x and  y respect i vely . 

- indicates  a finite  difference  analog  of  the  quantity 
ins  tile  the  brackets  centered  at  i,  j,  n, 

3,  Whenever  i,  j,  n appear  without  modification  they  are  dropped  f)ut 
imp  1 ied , i , e . 

‘"'i  + 12,  ,i  " ^i  + 1/2 

1.  Linear  interpolation  is  used  to  obtain  variables  at  points  i 

where  they  are  not  defined. 

.3.  Repeated  indices  otlicr  than  i or  ,j  indicate  .summation,  i,e. 

U U U U V \' 

m -f  l,-2  - ni  - 1/2  _ i+  1/2  - i - 1/2  ^ ,i  -»  1 . 2 - j - 1/2 

Ax  Ax  A V 

m 

Note  that  i and  ,j  and  ,x  and  y ai'e  used  interchangealily  as 
expansion  proceeds, 

6.  .Summation  is  nevei'  implied  with  i or  ,j  . 

As  an  example  of  the  use  of  tlic.se  definition.s  tin-  following  eijual  ion 


Ao  (Uq')  a (Vet) 

— + + 

At  Ax  Ay 


will  tie  given  in  the  conventional  and  compacted  finite  dilferenee  forms,  i.e. 


O'.  -O'.  . (Uq-).  .-(Uq').  . (VO').  . , ~ (Vcy)  . 

1 , J 1 , J ^ l + 1/2,j 1-1/2,  j ^ 1 , J + 1/2 1 , J-1/2  ^ pj  n 

At  Ax  Ay  i,j 


is  equivalent  to 


n + 1 (Uck')  , - (Ua)  , 

O'  -O'  m+l/i  m-1/2 

+ = R 

At  Ax 

m 


Deviations  from  the  above  format  will  always  be  specified. 


4 . 2 Velocities  and  Surface 

The  finite  difference  analoj^s  of  Eqs.  (3.6),  (3.7),  and  (3.8)  arc 

4 

derived  in  an  analogous  manner  to  that  given  by  Leendertse,  that  is: 


i\ax> 


n + 1/2 

+ C 

n+1/2 

U 

= U 

, 2 
j + 1/2 

j + 1/2 

J + 1/2 

t + 

F , 

- D 

x(j+l/2) 

x(j  + l, 

/2)  x( 

\ * 

..n+1/2 

= 

dx 

/i,  j 

n+l/2  1 ( n+1/2 


j + 1/2' 


(4.1) 


(4.2) 


— ) + F + D 

.9y/i^i/2  y y^ 


n+1  n+1/2  1 n+1/2 

t C V = V,  - At  { U.  , 

4 1+1/ 2 i+1/2  2 I i+1/2 


(“^  \ 5x  / ) 

' ' i + 1/2  ' 


n+1/2  n+1/2  n+1/2/ 

- R + F + D f 

y y y 1 


(4.4) 


5 22 


(4.5) 


, 11+ 1 2 11+1  . 


.11  + 1 ml 


11+1  ri  n + l .'2  . 
<)(v  U )\ 


11+1  11+1/2  1 \ 11+1  / /SU 

C U - U + - At  V . . |i-(  — 

5 1+1/2  2 i ,i^l/2  I \By 


y \By  /i  + l/2  J 


/;.rn+l/2 

) 


^ 11  + 1/2  11  + 1/2/ 

+ F + D 

j+1,2  X y 


vUiere  — At 


C._,  = 1 ■('  + “ At 


C -1.0+ 
3 


1 \ 

3 \ clx  /j+1  /2 

2 [(^^y)  i + 1/2  ’\(i+l/2) 


. 11  + 1/2 

?y/ j+1/2 

r,  > 11+ 1/2 
1 l/=iu\ 

C =1.0+-  At  ( — > , + H 

5 2 [\?'x/.j  + l/2  x(j  + l/2). 


;U((f+V^) 


R = -^ 

X U 


- .2.1/2  R 

R ,£V(t-^V:)_  ; R =_il 

/C  p \ W (W  ^ + W ^ ^ 

/ D a \ X .X  V 


. 2 , u.  s.L'2 


X \ p 


tc  0 \ w (W  + w ) 

D ai  y X y 

0 / V 

' u,  ' 


V = h + 


(e  S ) 

XX  XX 

die 

xy 

s 

X 

) 

y 

^x 

•y 

/■He  S ) 
yx  yx 

c>(e 

s 

>• 

) 

>• 

-X 

XX 


au  au  av  , av 

S =2^;S  = — + — = S;  S =^  — 

XX  ax  xy  nx  ay  yx  yy  ay 

Thibi  system  of  finite  differencing  uses  a space-staggered  grid  scheme  as 
shown  in  Figure  1.1  and  Figure  4.2  (FORTRAN  compatible). 

Solution  of  Eqs.  (4.1)  through  (4.6)  consists  of  the  following  4 


steps; 


n+1/2  -n+1/2 

1.  U , S 


2 . V 


n+1/2 


n+1  -n+1 

3.  V , S 


Steps  1 and  3 are  implicit  and  steps  2 and  4 are  explicit.  Figure  4.3 
shows  the  solution  process  schematically.  Simple  modifications  are 
required  to  include  a more  accurate  second  upwind  differencing  scheme. 
At  the  end  of  each  time  step  the  support  variables  and  boundary  condi- 
tions are  updated  and  the  process  is  repeated.  The  eddy  diffusion  co- 
efficients are  computed  according  to  the  following  finite  difference 
analog . 


(.01) 


5-24 


0RED8E  DISPOSAL  STUOY»  SAN  FRANCiSCO  BAY  AND  ESYUARY,  APPENDIX  -- ETC(U) 
AU«  77  J F SUSTARr  R M ECKERr  W T HARVEY 


UNCLASSIFIED 

6 op7 


AO 

AO43  790 


^n+1/2 


^n+1/2 


FIGURE  4.3  HYDRODYNAMICS  SOLUTION 


r 


I 


I 


4 . 3 Mean  Concentration 

Eq.  (3.16)  is  reformulated  as  follows: 


n+1 


At 

Ax' 


-S  = fu"'^ 

2 Ax  [_  j- 


n+1/2  n+1/2  , 

(S+  S ) - U (S  + S ) 

1/2  j-l'  j + 1/2  ,j  + l 


At  n+1/2  ^ n+1/2 

+ - — V (S+  S ) - V (S+  S 

2Ay  i-1/2  i-1  i+1/2 


i+1^ 


+ e . , (S  . - S)  - e . , (S  - S 

2 j+1/2  j+1  j-1/2  j 


-/] 


— 

Ay=  L ^ 


(S  - S)  - e (S  - S 

+1/2  i+1  i-1/2 


+ At  S. 


(4.8) 


Eq . (4.8)  is  solved  following  the  solution  of  the  velocit^  field  to  obtain 
the  new  concentration  levels.  The  quantities  required  at  the  half  time- 
step  are  computed  as  a simple  average  of  the  n and  n+1  time  levels. 


4 .4  Tracer  Particles 

The  numerical  simulation  model  determines  where  a "tagged"  dredged 
particle  would  go  after  it  was  released  at  an  estuarine  disposal  site. 

The  particles  are  treated  as  Lagrangian  variables,  oossessing  both  mass 
and  shape,  and  are  subjected  to  the  numerically  calculated  velocity 
field.  This  procedure  is  subject  to  some  serious  limitations  which  will 
be  discussed  following  the  presentation  of  the  numerical  scheme. 

The  settling  velocity  of  the  particles  can  be  obtained  by  integrating 
Eq,  (3.13)  using  an  Adam-Bashf orth  predictor  corrector  scheme.  This 
scheme  does  not  depend  on  the  location  of  the  grid  but  is  applied  at 
the  current  location  of  the  particle. 

20 
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The  actual  motion  of  the  particle  is  obtained  by  interpolating  for 
the  horizontal  convecting  velocities  and  then  using  these  velocities  to 
move  the  particles.  Given  that  a particle  is  under  a cell  (i,j),  then  the 
convecting  velocities  U and  V are  given  by  (Figure  4.4); 


1 r 6x  . 6y 

U = U + - — (U  -V  )+  — (U  -U  ) 

c o 2 Ax  13  Ay  2 4 


I Ax  , 


(U^  + U - 2U  ) + 
13  o 


Ay  1 


(U  +U  -2U  ) 
2 4 o 


l/6x\  /6y 


(U^-U^+U  -U  ) 


2\Ax/  \Ay/  5 6 7 8 


(4.9) 


V = V + - 
c o 2 


^6x  6'/ 

— (V  -V  ) + (V  -V  ) 

Ax  1 3 2Ay  2 4 


(6x\  /6y' 

— (V  +V  -2V  ) J — 
Ux/  '■13  o'  Iavj 


(V^.V^-2V^) 


1.  f ( ^y\ 

2 ^Axy  yAy/ 


(V  -V  +V  -V  ) 
5 6 7 8 


(4.10) 


Then  the  new  position  of  the  particles  is  found  from  the  three  equations 


n+1  n n+1/2 

X = X + At  U 

c 


n+1 

Y 


n n+1/2 

Y + At  V 

c 


(4.11) 


Z = Z 


+ At  W 


n+1/2 


where  X,  Y,  Z are  the  coordinates  with  respect  to  the  reference  corner. 

One  problem  that  arises  in  this  method  is  that  a velocity  profile 
can  not  be  generated  from  the  transport  (averaged)  velocity  without  using 
an  empirical  distribution.  Also,  the  effect  of  the  fresh-water  inflows 
cannot  be  adequately  handled.  To  overcome  these  difficulties  some  dis- 
cretionary judgments  about  the  velocity  profile  for  depth  and  transport 
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velocity  must  be  made.  Figure  4.5  shows  a possible  function  that  miglit 
be  used  to  represent  the  velocity  profile.  In  the  vicinity  of  fr(;sh- 
water  inflows  this  function  is  used  to  simulate  the  large  bottom  flows 
causing  the  migration  of  sediment  upstream  with  flood  tides.  Although 
this  velocity  profile  will  not  be  in  complete  agreement  with  the  actual 
velocity  profile,  it  appears  to  be  one  way  to  reduce  the  two- 
dimensionality  of  the  hydrodynamics  simulation. 

A second  possibility  for  simulating  the  fresh-water  inflow  is  lo 
couple  the  velocity  to  the  incoming  tide  modified  by  a suitable  delay. 

This  method  would  allow  the  tide  to  move  up  into  the  fresh  water  on  flood 
tide  and  would  allow  movement  of  fresh  water  into  the  bay  on  the  ebb  tide. 
Testing  has  shown  that  this  may  indeed  bo  the  best  possible  boundary 
condition  for  this  model. 

4 . 5 Method  of  Solution 

The  numerical  solution  begins  wi  tli  the  preseri  ption  of  an  initial 
state  and  then  stops  forward  in  time.  At  each  time  step  the  velocity 
distribution  is  found  first,  then  the  mean  conconti-at  ion  is  calculated, 
followed  b}-  a repositioning  of  the  tracer  particles.  The  initial  state 
may  be  specified,  assumed  to  be  zero,  or  simply  be  the  last  time-stej)  of  a 
previous  simulation.  The  simulation  continues  until  a predetermined 
length  of  time  has  been  simulated  or  until  an  unstable  numerical  calcu- 
lation is  obtained  by  the  program. 

Output  from  the  program  is  stored  on  magnetic  tape  for  subseciuent 
visual  analysis  or  for  restarting  another  simulation.  In  addition,  the 
last  time-step  is  piinted  in  full  for  immediate  analysis.  It  is  possible 
to  use  stored  simulations  for  further  tracer  analysis  if  such  a study  is 
desi red . 
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FIGURE  4.5  FUNCTIONS  USED  TO  REPRESENT  THE  PARTICLE  VELOCITY  PROFILE 


V BOUNDARY  CONDITIONS 


0.1  Introduction 

Boundary  conditions  for  the  numerical  model  are  specified  by  the 
user.  For  this  study,  the  boundary  conditions  were  chosen  to  allow 
flooding  and  drying  up  of  cells.  This  ability  requires  considerable 
checking,  because  a dry  cell  on  any  side  will  Influence  the  calculation. 

In  addition,  it  is  possible  to  have  open  seaward  and  open  inflow  bounda- 
ries. A brief  discussion  will  be  given  here  for  each  type  of  boundary 
encountered.  Other  orientations  of  the  same  type  are  directly  analogous 
and  will  not  be  discussed. 

5.2  Open  Seaward  Boundary 

At  least  one  seaward  boundary  occurs  (by  definition)  in  every  estuary. 
In  our  model  it  is  characterized  by  having  a known  or  prescribed  tide 
which  generally  is  the  predominant  forcing  function.  Figure  5.1  shows 
a typical  seaward  boundary.  The  tidal  elevation  at  the  seaward  entrance 
can  be  obtained  from  tidal  records  for  input  to  the  numerical  model. 
However,  lor  experimental  purposes  it  is  often  desirable  to  use  an  empiri- 
cal tide  generator  so  that  variable  time  steps  and  extreme  conditions  can 
be  analyzed.  Therefore,  a simple  numerical  tide  generator  was  implemented 
for  this  study.  This  generator  allows  the  program  to  quickly  generate 
tides  for  extreme  events  and  to  examine  the  reaction  of  particles  to 
many  different  tides. 

The  boundary  conditions  at  a seaward  boundary  are  assumed  to  be 
(Fig.  5.1): 
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(5.1) 


no  lateral  velocity;  V and  V = 0.0 

These  boundary  conditions  are  updated  prior  to  each  calculation. 

5 . 3 Open  Landward  Boundary 

The  specification  of  boundary  conditions  for  open  infow/ out  flow 
boundaries  is  a difficult  task.  Examining  the  form  of  the  finite  dif- 
ference approximations  to  the  convection  terms,  it  is  discovered  ihat 
inflow/outflow  velocities  can  be  handled  best  through  upwind  differenc- 
ing. Unfortunately,  the  scheme  used  for  solving  tlie  numerical  motlel  does 
not  lend  itself  readily  to  upwind  differencing.  However,  to  include 
the  fresh  water  flows  it  is  necessary  to  use  the  upwind  method,  and 
the  numerical  model  has  been  changed  accordingly. 

In  the  current  study  of  San  Pablo  Bay,  there  is  an  inflow  boundary 
near  Crockett,  California,  which  obviously  impacts  heavily  on  the  trans- 
port of  material.  With  a two-dimensional  model  it  is  impossible  to 
simulate  this  influence  without  including  a special  boundary  condition. 

In  this  instance  the  velocity  was  specified  as  a function  of  t le  flow  and 
the  lagged  tide.  This  bounciary  condition  was  developed  because  uncier 
flood  tide  conditions  there  is  a long  saline  wedge  extending  u])  into  the 
fresh  water  source  which  cannot  be  accounted  for  in  the  two-dimensional 
model.  Consequently,  the  following  l)oundar>’  conditions  are  prescribed 
at  an  open  landward  Ijoundary  (Figure  5,2): 
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FIGURE  5.2  OPEN  LANDWARD  BOUNDARY 
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5 . I Dry  Adjacent  Cells 

A dry  normal  cell  is  shown  in  Fig.  5.3  In  this  case,  it  is  reasonable 
to  assume  that  the  velocity  (U  ) at  the  cell  edge  can  be  calculated 

r i-1  . J 

o U 

bv  assuming  — r-  = 0.0.  Then,  when  calculating  the  new  surface  elevation, 
ox" 

tlie  following  boundary  conditions  can  be  applied: 


V = - V ; V , = -V 

i,j-l  i,j  i-l,J-l  i-l,j 


U = 2U  - U 

i,J-l  i>.j  i,j  + l 


O'. 


'■icy.  . - cy.  . , where  cv  = (i,  S,  C) 


i,j-l  i..1  i,j  + l 

These  boundary  conditions  arc  required  only  for  the  implicit  step. 


A dry  tangential  cell  is  shown  in  Fig.  5.4.  Here  the  boundary 
conditions  are  required  in  each  step  and  are  assumed  to  be: 


V.  , . = 0 

1 - 1 . J 


U = -U  U = -U 

i-l,.)-l  i,,1-l:  i-l,j  i,.i 


O'  , . = 23-.  , - o.  , . where  a = (§,  S,  C) 

1-1  ,J  i,.l  1+1,. 1 
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Top  and  Bottom  Bouiularics 


■ i./-i  2 

where  q = (IT  +V'  ) , q = (W  + W ) and  C is  a surlacc  drug 

w X y ]> 

coefficient  = 1.3  x 10“^.  These  boundary  conditions  apjjear  directly  in 
Uie  vertically  integrated  equations  of  motion  lE()  . (3.6),  (3.7)  . Tlie 

Ciiezy  coefficient,  C,  is  a function  of  the  water  depth  which  i.s  iiiitiall\ 
calculated.  Later  it  can  be  changed  in  each  cell  in  the  verification 
phase.  A temporally  and  spatially  variable  wind  field  is  allowed, 
although  the  use  of  a spatially  variant  wind  on  such  a small  study  area 
i.s  questionable. 


VI  Ri;SULTS  AjND  EXPEJaMENTATION 


6 . 1 lilt  I'odiict  ion 

Basically  there  are  two  major  areas  of  interest  in  this  study, 
although  the  final  objective  is  to  estimate  the  transport  and  diffusion 
of  the  dredged  materials.  Initially,  the  velocity  field  which  will  be 
responsible  for  the  movement  of  the  material  must  either  be  specified  or 
calculated.  Then,  using  this  velocity  field,  the  transport  and  deposition 
of  the  dredged  material  can  be  determined. 

6 . 2 Velocity  Field 

Verification  of  the  type  of  transport  model  as  used  in  this  study 

4 D 

lias  been  done  by  Leender  se,  Simons,  etc.,  and  it  is  apparent  that  the 
model  would  indeed  simulate  a particular  outcome  within  reasonable  limits. 
However,  the  current  study  requires  a model  that  would  produce  reasonable 
velocity  fields  lor  several  different  periods  of  time.  Therefore  a 
"classical  verification  " may  be  misleading  as  the  verification  would  be 
good  for  only  the  particular  set  of  data  used  in  the  verification.  Con- 
versely, the  argument  could  be  advanced  that  without  this  verification, 
the  results  of  the  tracer  simulation  are  meaningless.  However,  if  the 
model  is  qualitatively  r>.asonable  then  the  mass  transport  of  the  dredged 
material  should  also  be  qualitatively  correct.  This  implies  that  it 
should  be  possible  to  identi fy  those  areas  of  the  Bay  where  the  dredged 
material  has  been  transported,  although  it  is  not  possible  to  make  defini- 
tive judgements  about  the  amount  transported,  deposited,  and  subsequently 
resuspended.  The  approach  in  this  study  is  to  analyze  the  results  of  each 
run  to  determine  if  these  conform  to  observed  values.  The  final  results 
of  the  hydrodynamics  simulation  will  be  given  with  the  tracer  simulation. 


stability  of  the  numerical  model  is  unclear  at  the  present  time  due 
to  the  necessity  to  use  upwind  di fferencinK  to  account  foi-  the  large 
fresh  water  inflows.  It  is  possible  that  the  Courant  condition 
(At  — AX/Cg)  may  become  a factoi-  in  the  calculation  because  the  implicit 
scheme  has  been  changed.  Numerical  testing  will  be  used  to  cletermine 
the  stability  requirements  of  the  model. 

6.3  Initial  Simulation 

The  appropriate  mathematical  models  governing  the  movement  of  a 
single  particle  in  free  fall  in  a moving  liquid  wei-e  presented  in  Section 
3.2.4.  Given  the  particle  density  and  equivalent  spherical  size,  and 
given  a time-history  of  the  hydrodynamics  of  the  water  liody , it  should 
be  possible  to  estimate  the  movement  of  the  pai-ticle.  Tlie  current  modt-l 
does  not  consider  local  turbulence,  interparticle  foces,  the  influence 
of  surrounding  dumped  particles,  the  salinity  and  stratification  present, 
nor  the  prevailing  estuary  conditions  at  the  time  of  dumping. 

As  a general  rule,  the  typical  size  of  non-dispersed  particles 

found  in  the  dredged  material  of  Mare  Island  Strait  is  of  the  order 

-6 

of  20.  (microns  = 1 x 10  meters)  (Leahy'  ).  Consequently,  the  tracer 

particles  used  in  this  study  are  of  this  size.  According  to  existing 

theory  (Graf  ),  and  using  an  iterative  technique,  the  values  for  W , 

Pt 

C and  R (terminal  velocity,  drag  coefficient  and  particle  Reynolds 
D e 

number)  are,  respectively,  0.2  cm/sec,  43.0,  and  0.6.  The  time  required 
to  reach  the  terminal  velocity  is  less  than  one  second. 

The  implications  in  the  above  analysis  play  an  important  role  in  the 
analysis.  First,  because  the  time  steps  are  of  sev'eral  hundred  seconds, 
the  particles  can  be  thought  of  as  always  having  achieved  their  terminal 
velocity.  Hence,  solut’on  of  equation  (3.13)  is  unnecessary.  Second, 
because  it  was  assumed  that  the  vertical  velocities  were  negligible, 
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there  is  no  vertical  force  to  I'csist  the  fall  of  these  particles  through 
the  water  column.  Consequently,  unless  a cori-ection  factor  is  applied, 
the  particles  will  always  travel  along  the  bottom.  Third,  if  a i-esuspen- 
sion  parameter  based  on  local  tui-bulence  is  introduced,  almost  any  dis- 
turbance will  be  able  to  resuspend  the  particles  as  there  is  no  allowance 
for  flocculation  or  intcrparticlc  forces  once  the  pai-ticles  settle. 

Fourth,  because  the  estuary  is  assumed  to  be  well  mixed,  thei'c  is  no 
vertical  salinity  gradient  to  change  the  falling  action  of  the  inirtiele. 
All  of  these  restiictions  will  influence  the  simulation  of  the  ti-acers' 
movement  s . 

To  increase  the  usability  of  the  model  the  moan  concentration  of 
the  dumped  dredged  material  is  also  simulated.  No  attempt  is  made  to 
simulate  the  actual  sediment  loading  in  the  estuary.  Rather,  tlie  disposed 
material  was  treated  as  a separate  substance  and  was  simulated  for  con- 
vection and  diffusion  as  given  by  equation  (4.8).  This  mean  concentra- 
tion simulation  gives  an  indication  of  probable  areas  of  dredged  material 
movement . 

The  movement  of  a tracer  and  the  concentration  contours  fo?-  d)'c<lged 
material  dumped  on  the  incoming  tide  are  shown  in  Figures  6.1(a)  ibiougU 
(e) . The  dump  location  is  n=6 , m=36,  at  the  south  side  of  Carquinez 
Strait,  opposite  the  dredge  disposal  site.  The  contours  in  Figure  C.l 
aie  normalized,  and  each  contour  decreases  by  1/2  (10  ^).  Notice 

that  the  single  tracer  particle  is  convectod  up  into  the  fresh  water 
channel  (Fig.  6.  Id)  and  does  not  move  into  Mare  Island  .Strait.  However 
the  mean  concentration  simulation  shows  that  there  is  a large  transport 
of  material  back  into  the  Strait  with  a large  pocket  of  material  being 
formed  half  way  up  the  channel.  Then,  after  the  tide  reverses,  the 
particle  actually  is  transported  back  into  San  Pablo  Bay  and  the  concen- 
tration in  Mare  Island  Strait  decreases  (Fig.  6.1e)  due  to  the  di  Union 
caused  by  the  inflow  of  the  Napa  River.  In  actual  facf,  the  dredged 


FIGURE  6.I0  DREDGED  MATERIAL  CONCENTRATION  AND  MOVEMENT. 
TIME  = 4500  SECONDS  (INCOMING  TIDE) 
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FIGURE  6.1b  DREDGED  MATERIAL  CONCENTRATION  AND  MOVEMENT 
TIME  = 6150  SECONDS 
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FIGURE  6.ld  DREDGED  MATERIAL  CONCENTRATION  AND  MOVEMENT 
TIME  = 33,300  SECONDS 
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FIGURE  6.1  e DREDGED  MATERIAL  CONCENTRATION  AND  MOVEMENT. 

TIME  = 45,600  SECONDS  (APPROACHING  LOW  TIDE) 
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material  may  settle  on  the  bottom  and  remain  there.  Unfortunately, 
there  is  no  way  of  simulating  this  phenomenon  at  the  present  time  because 
of  the  two-dimensionality  of  the  model.  Subsequently,  for  other  simu- 
lation runs  only  the  tracer  particle  positions  will  be  presented. 

The  final  tracer  positions  for  continuous  dumping  of  particles  at 
(n=8,  m=36)  after  55  hours  is  shown  in  Figure  A. 2 of  the  Appendi.x. 

Figures  A. 3 and  A. 4 are  the  same  plots  for  dumping  sites  (n=14,  m=14) 
and  (n=5,  m=10),  respectively.  The  following  observations  can  be  made 
for  all  these  cases:  (1)  no  particles  remain  in  ;he  main  channel, 

(2)  particles  which  get  into  Mare  Island  Strait  tend  to  remain  there, 
even  with  the  two-dimensional  model,  (3)  there  is  a tendency  for  particles 
to  go  into  the  Carquinez  Strait  if  they  find  their  way  to  the  southern 
portion  of  the  main  channel,  (4)  particles  tend  to  move  into  the  shallow 
area  of  the  northern  portion  of  the  Bay  rather  than  moving  out  into  the 
central  Bay,  and  (5)  particles  tend  to  accumulate  on  both  sides  of  Pinole 
Point  on  both  the  ebb  and  the  flood  tide.  Channel  velocities  in  all 
cases  reach  a maximum  8.1  ft/sec.  and  average  about  2.6  ft/sec.  in  the 
main  channel  which  is  in  good  agreement  with  observed  values  in  the 
channel . 

The  tide  data  for  the  initial  simulation  and  for  the  extended 
particle  simulation  are  shown  in  Figure  6.2  The  wind  speed  is  assumed  to 
bo  zero,  and  the  fresh  water  inflow  and  the  time  for  the  tide  to  reach 
the  inlet  arc  as  follows: 

Time  for  Tide 
Inflow  Volume  to  Reach  Inlet 
Inlet (feet  /second)  (minutes) 

37 
10 
15 
20 

41 


Carquinez  Strait  10,000 
Petaluma  River  1,000 
Napa  Slough  1,000 
Napa  River  1,000 
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6.1  K.xtemied  Particle  Simulation 
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To  maintain  the  continuity  of  the  text,  the  figures  tiiscusseci  in 
this  section  are  placed  in  the  Appendix.  FiKure  A.l  is  a diaprajii  of  San 
Pablo  Bay  that  coi'responds  to  the  layout  of  the  computei-  printout  in 
Figures  A. 2(a)  to  A. 2(d).  The  prescribed  depths  being  used  in  all  the 
simulations  are  shown  in  Figure  A. 2(a).  Figure  A. 2(b)  is  the  calculated 
surface  elevation  after  1000  time  stops  (111.11  hours)  and  Figures 
A. 2(c)  and  (d)  arc  the  V and  6 velocity  map  respectively  at  the  same 
time.  These  four  figures  apply  equally  well  to  the  cases  shown  in 
Figures  A . 3 , A . <1  and  A . 5 . 

Figure  A. 2(e)  is  a computer  generated  tracer  map  and  is  similar  to 
all  the  tracer  maps  to  bo  presented  here.  On  the  rifijht-hand  side  of 
the  map  is  the  tracer  number  and  its  .x  and  y coordinates  as  calculated 
in  the  DREGSIM  program. 

The  asterisk  (*)  marks  the  location  of  tlio  dumping  site  for  the 
simulation.  In  this  case  the  dumping  site  is  n=8  and  m=36 , corresponding 
to  the  dredge  disposal  site.  Tracers  with  numbers  lai’gcr  than  6 have 
been  positioned  initially  at  the  center  of  this  coll;  one  new  particle 
is  deposited  every  two  hours  of  simulation  time.  Hence,  these  par- 
ticles give  a time  history  of  the  particle  movement.  In  Fig.  A. 2(e) 
we  see  that  new  particles  7,  8 and  9 have  been  added  to  the  system 
(particle  niunbor  7 is  hidden  by  the  asterisk  marking  the  dumping  site). 
Particles  1-6  were  initially  positioned  in  the  Bay  as  follows: 

1 n=5 , m=3 

2 n=13,  m=10 

3 n=6 , m=21 

A n=4 , m=50 

5 n=13,  m=31 

6 11=7,  m=37. 
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Thf  positioning  ol  those  first  six  partieles  is  the  same  in  all  runs  in 
this  report.  They  act  a.s  a Lest  to  determine  tiiat  t lie  model  and  data 
are  eonsislent  between  tests.  The  hydrodynamic  calculation  is  the  same 
foi-  each  test  case,  so  that  valid  comparisons  can  be  made  between  the 
1 1’ s t s . 

Continuing  through  the  secpience  of  figures  in  Fig.  A. 2 we  see  tnat 
the  Leiulency  is  I'oi'  the  paiticles  to  move  up  into  .Mare  Island  Strait  as 
the  tide  comes  in.  Notice  in  Fig.  A. 2(1)  the  distance  t liat  particle  7 
has  moved  into  the  channel.  Note  also,  that  iiarticle  7 is  always  dumped 
on  the  incoming  tide  in  all  these  tests.  In  Fig.  A. 2(g)  the  tide  has 
changed  and  the  particles  being  dumped  are  convected  west  (toward  Point 
San  Pablo).  However,  the  particles  in  the  channel  have  not  been  influenced 
very  much  at  this  time.  The  final  four  figures  (Figs.  A.2(k),  (1),  (m) 
and  (n))show  how  the  particles  tend  to  remain  in  the  v'icinity  of  the  dump- 
ing site  on  ebb  tide  and  are  pushed  up  into  Mare  Island  Strait  on  the 
flood  tide.  Also,  par-tides  1,  6,  14,  26  and  38  have  actually  been  con- 
\ecLed  up  into  Carquinez  Strait.  There  is  no  jirovision  in  the  model  to 
let  the  par-tides  go  outside  the  study  area  Hence  when  they  reach  a 
boundary  they  r-emain  there  until  a velocity  is  developed  wliiclr  can  t-e- 
suspend  and  ccrnvect  them  back  into  the  main  trody-  of  water-.  Finally  note 
the  location  of  tire  particles  in  Fig.  A.2(j).  This  figur-e  cor-resironds  to 

one-half  the  simulation  time  and  will  be  used  for-  compar-at  i ve  pur-])oses. 

The  tracer  maps  given  in  Figs.  .-\.3(a)  through  .A. 3(f)  are  similar-  to 
those  descr-ibed  above  (Fig.  -A. 2)  except  that  the  dumping  site  has  been 
mo;-ed  to  (n-11,  m=ll),  as  shown  b\  the  aster-isk  in  cacii  figure.  Par- 
ticularly notice  that  the  tr-acer  particles  do  not  remain  in  the  vicinity 
of  the  dumping  site.  On  the  contrary,  in  Fig.  .A. 3 (a)  it  can  be  seen  that 
[rarticles  have  moveft  to  the  entrance  to  the  centr-al  Bay  and  the  area  of 
tin  Napa  Slough.  In  Fig.  A. 3(b)  the  ti-acer-s  have  actually  moved  to  most 

areas  of  the  Bay.  Notice  that  a large  number  of  par-tides  have  an-pear  od 
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to  c^o^;s  the  main  elianiiel  to  settle  in  the  Pinole  Point  area.  This  is 
significant  as  all  the  particles  in  Fig.  A.2(.i)  liave  remaineti  on  the 
northern  side  of  the  main  channel.  In  the  final  four  frames  of  Fig.  A. 3, 
the  particles  have  indeed  been  spread  over  the  entire  Bay  with  no  excep- 
tions. Two  particles  have  even  found  their  way  into  Mare  Island  Strait. 

In  Figs.  1 (a)  through  A.T(f)  the  dumping  site  is  moved  to  n=5,  m=10, 
and  all  othei-  parameters  remain  the  same.  In  this  case  there  is  a great 
reluctance  tor  the  particles  to  cross  the  main  'hannel.  The  influence 
of  Pinole  Point  is  clearly  visilile  in  that  the  iiarticles  tend  to  settle 
on  both  sides  of  the  Point.  The  long  lino  of  particles  at  m=ll  are 
actually  all  in  the  vicinity  of  Pinole  Point  but  due  to  ;.he  problems  with 
printing,  they  ei-ronoously  appear  to  be  spread  across  the  channel.  The 
situation  shown  in  Fig.  .A.T(f)  is  more  typical  and  clearly  shows  that  the 
particles  prefer  the  south  sitlo  of  the  Bay  in  this  particular  case. 

Finally,  Figs.  ,\.5(a)  through  A. 5(f)  present  results  for  a dumping 
site  located  at  n=6 , m=36 . Contrast  tiiis  case  with  the  case  given  in 
Fig.  A. 2 (n=8 , m=36) . In  Fig.  A. 5,  it  is  clear  that  the  tendency  is  for 
the  particles  to  move  up  into  Carquinoz  Strait  rather  than  to  move  toward 
the  ocean  opening.  They  appear  to  become  trapped  by  Pinole  Point  and 
subsequently  move  toward  the  opening  in  Carquinez  Strait. 


VII  INTERPRETATION  AND  CONCl.l'S  IONS 


7.0  Introduction 

The  results  of  any  numerical  simulation  are  meaningless  unless  they 
are  viewed  in  terms  ol  tiie  inadequacies  ol  the  model.  Recall  that  tlie 
model  is  actually  two-dimensional,  whereas  nature  is  seldom  less  than 
three-dimensional.  Therel'ore,  the  i-esults  must  be  viewed  with  ttii  s 
del'iciency  in  mind  when  considei'ing  the  use  of  simulation  techniques  in 
dredsins  analysis. 

7.1  Intei'pretation 

The  analysis  of  the  results  consider  primarily  tlie  tracer  particle 
movements  rather  than  the  merits  of  the  liydrodynamic  simulation  or  the 
tracer  simulation.  There  are  two  interpretations  to  the  so-called  dum))- 
ing  site:  (a)  it  is  a dumping  site,  (b)  it  is  a transient  particle  dis- 

criminator. The  latter  interpretation  means  tliat  any  particle  arriving 
at  a poiiiL,  from  whatever  source,  will  subsequently  act  like  a jiart  icle 
that  was  externally  deposited  there.  Hence,  one  can  make  iudgments  about 
the  entire  Bay  rather  than  just  the  dredging  site. 

One  must  be  very  careful  in  following  particles  which  have  founil 
their  waj  to  one  of  the  five  continuous  water  openings  in  the  study 
area.  Clearly,  the  particles  should  not  stop  at  those  bouiularies,  but 
should  be  convected  into  them.  Indeed,  these  openings  may  in  reality 
act  like  sinks,  as  is  probalily  the  case  of  Mare  Island  Strait.  In 
Fig.  ,\.3  the  particles  are  able  to  cross  the  main  channel  because  they 
first  move  into  the  opening  at  Point  San  Pablo  and  subsequently  are  con- 
vected along  the  southern  side  of  the  Bay  when  the  tide  comes  in. 
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Similarly,  Uu.'  i)arlicli's  that  liiui  llu.-ii-  way  into  Ca  1(111  i ii'z  Strait  will 
be  timiuly  retained  al  the  boundary  and  later  mo\  tal  wertwar'l  a.^,  the  tide 
goes  out . 

7.2  Conclusions 

The  conclusions  discussed  below  are  based  on  the  analy.sis  ol  results 
of  the  sttidy  as  outlined  in  this  report. 

(a)  There  is  a large  amount  of  material  moving  back  into  Mare 
Island  Strait  from  the  current  dumping  site.  This  eonclitsion  is  drawn 
primarily  from  the  results  shown  in  Figures  .A. 2(e)  through  (n) . In 
addition,  there  must  be  a continuous  buildup  of  material  in  Mare  Island 
Strait  based  again  upon  these  same  figures. 

(b)  There  is  a high  probability  that  marked  particles  deposittd  at 
the  current  dumping  site  could  be  foitnd  in  significant  tpiantities  at  the 
following  locations; 

(i)  .Mare  Island  Strait 

(ii)  Cartiuinez  Strait 

(iii)  The  southern  side  of  the  main  channel,  especiallj  around 
Pinole  Point 

(iv)  The  area  of  the  Napa  Sloughs 

(v)  The  mouth,  of  the  Petaluma  River 

(vi)  The  entrance  to  the  central  Bay. 

In  addition,  the  simulation  indicates  that  there  is  slight  to  no  chance 
of  finding  marked  particles  in  the  main  channel.  This  conclusion  does 
not  apply  to  particles  found  in  fluff  or  mud  in  transit  moving  through 
the  main  channel. 

(c)  Based  on  the  information  atiout  the  movement  ol  particles  into 


Mai'c  Island  Sti'ait  (occurs  as  a result  of  sediment  coining  into  tlie  Buy 
via  the  Carquine/.  Strait.  This  movement  is  particularly  noticeable  in 
Figs.  .\.3(c)  through  (1)  wlierc  particles  35  and  dO  convincingly  move 
from  the  Carquineit  Strait  directly  into  and  up  Mare  Island  Strait. 

(d)  Whereas  it  is  possible  and  probable  that  marked  particles  which 
find  their  way  into  the  central  Bay  may  be  moved  back  into  San  Pablo  Bay 
and  ultimately  into  Carquinez  Strait,  there  is  no  evidence  that  they  will 
move  back  into  San  Pablo  Bay  and  then  into  the  northern  portion  of  San 
Pablo  Bay.  Intuitively,  one  would  expect  them  to  move  up  to  the  mouths 
of  the  fresh  water  inflows,  but  oui  simulations  always  moved  the  particles 
back  into  the  Bay  along  the  southern  side  of  the  main  channel. 
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\dditional  work  is  required  to  include  better  resuspension  mechan- 
isms, to  include  the  third  dimension,  to  include  a moveable  bottom  and 
to  include  the  effects  of  the  frcsh/salt  water  interface.  IVlth  these 
added  capabilities,  numerical  simulation  could  be  an  effective  tool  in 
analyzint;  existing  dredging  operations  and  in  evaluating  future  dredging 
plans . 
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APPENDIX 

Figure  A.l  is  a schematic  diagram  of  San  Pablo  Bay  scaled  to  the 
computer  printouts  of  Figures  A. 2(a)  to  (d).  Figure  A. 2(a)  shows  the 
specified  depths  used  in  all  the  simulation  cases  presented  in  tl>is 
report.  Figure  A. 2(b)  shows  the  calculated  surface  elevation  after  1000 
time  steps  (111.11  hours),  and  Figures  A. 2(c)  and  (d)  are  the  V and  U 
velocity  map  respectively  at  the  same  time.  Those  four  figures  apply 
equally  well  to  the  cases  shown  in  Figures  A. 3,  A.l,  and  A. 5. 

The  tracer  maps  shown  in  Figures  A. 2(1)  to  (n)  and  Figures  A. 3,  A. 4, 
and  A. 5 are  snapshots  of  the  particle  distribution  at  the  times  indicated. 
The  cell  positions  of  the  particles  are  listed  on  the  right  of  each 
figure.  Since  these  figures  arc  snapshots,  they  do  not  show  particle 
movement;  however,  particle  movement  can  be  deduced  from  successive  snap- 
shots or  from  changes  in  the  listings  of  particle  positions.  In  those 
snapshots,  the  print  space  for  each  coll  can  show  the  presence  of  only 
one  particle;  other  particles  located  in  the  same  coll  are  shown  in  adjoin- 
ing colls  in  the  same  row.  Therefore,  when  a snapshot  shows  several  par- 
ticles occupying  consecutive  cells  in  a row,  it  may  indicate  a coll  with 
multiple  particles.  A check  of  the  particle  position  listing  is  necessary 
to  v'orify  this  situation. 
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Figure  A. 2(a)  PHESCRIBED  ESTUARY  DEPTHS-METERS  * 10 
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I’Lrui’c  A.2(c1)  CA1,CUI,ATEI)  U-VEl.OCITV  (’.ETKRS  SECONP)  * 100 

TI^^’:  111.11  HOURS 
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Figure  A. 2(e)  TRACER  M\P  AT  TIME  5.56  HOURS 

(n-8,  in-36) 
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Figv.,'c  A. 2(1)  TlUCElf  M/\P  AT  TIME=16.67  HOURS 

(n-8,  in-SG) 


t f'-  *K. 
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Figure  A.2(i)  TIMCER  M/\P  AT  TIME=55.5(i  HOURS 

(n-S,  m-3(J) 
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;ure  A.'J(k)  TIUCEH  MAP  AT  TIMK=9l.M  IIOUKS 


Figure  A. 2(1)  TIUCER  M\P  AT  TIME=1C0.00  HOURS 

(n=8,  m=36) 


FiKure  A,2(m)  TIUCER  Mr\P  AT  TIME=105.56  HOURS 
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Figure  A.2(n)  TRACER  MAP  AT  TIME=1 1 1 . U HOURS 
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I'igin-e  A..l(lj)  TlWCEH  M\I>  AT  TIMt:=55.56  1I0U1?S 
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.o(n)  Tiaci'.U  MAP  OF  TIMK=1G.6  7 HOURS 
(n=6 , m-3C) 
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Fiirure  A. 5(c)  TRACER  MAP  AT  TIME=94.M  HOURS 


FiuufO  A.o(l)  TUACKH  MAP  AT  TIMF  lU.ll  HOl'liS 
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SUMMARY 


One  phase  of  the  Dredge  Disposal  Study  is  to' develop  procedures  for 
predicting  the  dispersion  and  deposition  of  dredged  sediment  in  San  Francis. 
Bay.  Tiiis  volume  is  the  formal  documentation  of  a computer  simulation 
model  which  was  developed  to  trace  the  movement  of  deposited  particles 
in  the  San  Pablo  Bay  area  of  San  Francisco  B.ay.  The  computer  model  is 
called  DREGSIM  and  is  implemented  on  the  CDC  7600  computer  system. 

Users'  instructions  and  descriptions  of  all  input  data  are  presented, 
in  addition,  example  input  data  are  provided,  and  a complete  listing  of 
the  DREGSIM  computer  program  is  presented  in  the  Appendix.  Example 
output  of  the  program  are  presented  in  Volume  1 of  this  report. 
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A 


r IM'l'IiOUUCTION 


V'olumc  I ot  this  repoi't  discusscHl  the  icaluix'S  ol  llie  l)lt>;(j.SlM 

com  pul  or  model  and  oullirei.1  the  scope  and  limitations  ol  I he  numerica! 
model.  In  tiiis  volume,  example  inputs  are  fti  ven  lo  acf|uainl  tlie  iis<-r  will) 
the  procedures  tor  usin^  tlic  compule'r  code.  Altlioupli  tliis  rcpori  neces- 
sai'ily  contains  .some  computer  terms,  it  is  intendc/d  pi’imarils’  lor  non- 
pros rammci's . Usei'.s  with  minimal  knowleih^t'  oi  L iie  DRKGSIM  mofiel  should  be 
able  to  prepare  the  required  input  data  and  exerci.se  the  model. 

This  report  i.s  part  ot  a larger  dredfjing-  sturh  ot  San  Francisco  Bay 
undertaken  by  the  San  Fraiici  sct>  Districi  ot  the  U..S.  Army  Corps  ot  Kiigimers. 
Interc.sted  users  should  contact  that  ottice  tor  intormation  relatinK  lo 
this  study  as  well  as  the  larger  .study. 

The  intent  of  this  users’  manual  i.s  to  allow  the  stall  of  the  .San 
Francisco  lUslrict  of  the  U.S.  Army  Coi'ps  of  Engineers  to  use  and  exjieri- 
ment  with  the  DRKGSIM  numerical  simulation  model.  Tiiis  manual  applies, 
only  to  the  San  Pablo  I3a>'  site  and  to  tJie  C1)C  760(1  com))Ul  er  .G  the 
Lawrence  Laboratory  in  Berkeley,  California.  'the  code  can  Itt'  translerrid 
tf)  other  computing  systems  willi  a FORTllIN  IV  compilei';  however,  there  are 
several  site-dependent  functions  that  would  have  to  ite  ciianged  and  wiiicli 
will  not  be  enumerated  here. 
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II  I'lU';  DiaxisiM  PKOCiia\M 


2.1  Ini  I'oiliic  l ion 

Thi'  DKKGSIM  (.'ompu  1 c j-  i)roKi'ni:i  con^isls  ol  lour  typos  ol  i-outinos, 

(a)  i iii  l ial  i/.at  ion  rou  1 i no  s , (b)  suiiulalion  I'outinos,  (c)  input  output 

roulinos,  aiul  (il)  boiindary  rout  iiu"  . Each  ol  1ho.sc  lour  tyi>os  is  discussod 
at  lonj^lh  below,  with  major  emphasis  on  the  input/output  routines. 

2 . 2 In  i t i :i  1 i zat  ion  Itout  i nos 

The  1 n i t i a 1 L/.a  1 i on  routines  tire  as  follows; 

1.  DREGS IM  - is  a dummy  m;iin  program 

2.  MIAB  - Sets  up  boundary  types 

3.  SETUP  - controls  operation  of  the  program 

4.  CHEZY  - calculates  Cliezy  coefficients 

5.  TIDINT  - Finds  slack  tide  time 

6.  INITl  - Initializes  variables 

7.  TIDEIN  - Initializes  tide  generator 

8.  INIAT,  - Initializes  surface  variables 

All  of  these  routines  are  called  once  ,it  the  beginning  of  eacli  nev,  simu- 
lation and  are  not  used  thereafter  except  for  SETUP,  which  is  the  control 
center  of  the  program.  It  would  be  possible  and  perhaps  desirable  to  call 
CHEZY  at  each  time  step  and  calcttlale  the  coefficients  based  on  tlie  actual 
w.iter  depth  at  tltat  time.  Tiie  program  logic  for  doing  tliis  is  straight- 
t orwa  rd . 
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2.3  S i mu  1 at  i Uoutiiu'.s 


r" 


t 


The  simulation  i-ouilnes  <'onsisl  ot  the  following  sub  ia)U  t i nos : 


1.  FIND  - Sets  up  the  cell  .solution  sequence 

2.  HYDROl  - Establishes  central  computation  scheme 

3.  ZERO  - Clears  storage  arrays  for  each  time  step 

4.  DIFFUS  - Calculates  turbulent  diffusion 

5.  SETVAR  - Sets  variables  from  arrays 

6.  EDDY  - Calculates  turbulent  diffusion  coefficients 

7.  TRACE  - Is  the  Lagrangian  tracer  simulation  routine 

8.  TDIAG  - Solves  tridiagonal  matrix 

9.  TIDE  - Generates  a tide  level  at  each  time  step 

10.  RESET  - Resets  initial  tide 

11.  DRYCEL  - Finds  and  flags  dry  cells 

12.  DIVERG  - Calculates  cell  divergence 

13.  REDANG  - Redefines  angle 

14.  SHIFT  - Shifts  U,  V,  and  v 

15.  UVINT  - Interpolates  for  U and  V for  tracer  simulation 

16.  SCON  - Is  the  mean  concentration  simulation  routine 


Although  it  is  possii)le  to  consolidate  some  of  the  above  routines,  this 
was  not  done  in  order  to  retain  the  modular  format  of  the  model  and  to 
be  able  to  experiment  with  the  various  comiioncnt s . It  is  instructive  to 
examine  EDDY.  HYDR02 , DIFFUS,  TIUCE  and  SCON  in  more  detail. 

Subroutine  EDDY  calculates  the  anticipated  energy  dissipation  in  the 
unrcsol veabl c sub-grid-scal c range.  In  this  model  the  SGS  dissipation 
is  calculated  as  a function  of  tiie  mean  flow  shear  rate  and  a parameter 
of  scale  ( ).  The  scaling  parameter  shoulcl  iiave  a value  between  0.10 
and  0.001  with  0.005  being  a reasonably  good  estimate;  sec  Spraggs  and 
St  rcct  . ^ 
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Sub  roil  I i Ilf  DIl'TUS  t;i  leu  1 al  I's  ihf  turbulfiil  ililfusion  usi  ih',  Ihf  iildy 
cool' lie  if  nt  s falculalfd  in  KUDY  . It  lias  bit'ii  shown  by  Ilirt'  tlial  t lu- 
inclusion  oi  this  term  incrcasfs  l he  stability  oJ'  tlii'  moded  i f the  i drli 
cofiiictfnl  is  largo  enough.  The  model  uses  a psuedo- i iii])  1 ic i 1 sehenie  and 
should  not  need  the  term,  but  because  oi'  its  piiysieal  interpretation  the 
diiiusion  term  is  retained. 

irVl)K02  is  an  entry  point  in  Subroutine  llYDKOl  ai'd  is  thi  computational 
center  oi  the  program.  The  scheme  used  is  a iour-step  process  similar  to 
that  outlined  by  Leendertse.'  However,  il  the  inclusion  oi  uiiwind  dil- 
ierencing  terms  produces  an  exiilicit  model,  then  il  would  be  better  to 
atlopl  a two-step  explicit  scheme  which  would  be  considerably  lasler.  One 
inconsistency  in  the  code  that  should  be  notetl  is  the  way  in  which  the 
indices  arc  calculated  in  Steps  1 and  3.  Figure  2.1  shows  the  location 
of  the  variables  for  each  of  the  four  steps.  In  steps  1 and  3 the  cal- 
culatioi  of  and  is  at  a tlifferent  location  than  in  steps  1 anti 

2,  respec  I i ve  1 y . This  .sclieine  is  compii  t at  i ona  1 1 y more  cfiicienl  and  has 
been  retained  at  the  risk  of  hindering  future  code  modifications. 

Subroutine  TRACE  provides  a Lagrangian  solution  of  the  simulatetl 
tagged  tracei-  particles.  The  primary  fetiture  oi  the  routine  is  iinding 
the  appropriate  convecting  velocities  as  a function  of  the  depth  and  sur- 
rounding cell  velocities.  The  complete  scheme  is  given  in  Sec . l.  l of 
Volume  I.  Subroutines  ITV'INT  and  INTER  perform  the  actual  interpolation 
as  outlined. 

Subroutine  SCON  is  the  code  for  the  finite  difference  model  given  in 
E(( . (-1.H)  of  Volume  I.  Here  tlie  velocities  reriuired  at  n-t  1/2  are  assumed 
to  be  a simple  average  of  tlie  nth  and  n + lst  time  steps.  Eddy  coefficient- 
are  assumed  to  b<'  identical  to  tlie  eddy  coefficients  used  in  the  liydro- 
dynamics  simulation. 
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Sill)  rou  I i 111'  1 [Dl-.  proviiKs  a reasoiuii)!  e I iili-  at  t lu’  ott'aii  bouixlarv  l<>i' 
• aih  time'  .sti'p,  A lidi-  pcncrat  or  is  iisi'd  bfcaiisi’  sufl'iciciit  data 

ft'i'ords  in  i-omputcr  i-oinpa  t i b 1 1 • I'ormal  aro  not  availablo  lor  tho  many  tost 


runs  to  be  made.  Tlie  routine  ean  be'  ea.si  ly  niodiliod  to  read  a value 
W.ATIJCV  at  eae'h  t ime'  stc'p  LI  I Ik'  user  so  desired. 

li . 1 In|)Ut/Out  pu t leou  tines 

TlU'  innut  output  routines  i-onstsi  ol  l iie  lollowin"  su  brou  t i ix-s : 

1.  PITOIT  - Prints  U , V,  * 

2.  PI'T’k  ;;  - Wi'ites  tracer  ini Ormat  i on  to  maftnctic  tape 

3.  liAT.AHD  - Hoads  Initial  parameters  from  maftnetic  tape 
-1.  DEPTH  - Roads  depth  information 

5.  PRVr  - Writes  initial  information 

6.  TAPD.AT  - Roads  initial  data  from  maRnctic  tape 

7.  PRNTR  - Prints  tape  diaRnostics 
S.  TRCOIT  - Prints  tracer  locations 

9.  DATAWT  - Writes  initial  parameters  on  magnetic  tape 
10.  PNOHM  - Prints  normalized  conccjntrat  ion  map 

.All  of  thc'se  routines  are  simple'  and  ref|uire  no  further  e-.p  I a i' a ' i ■ . 
2.0  Boundary  Routine's 

The  Ijoundai-y  routines  arc  all  u.sed  to  set  variables  at  boundaric 
where'  values  are'  ne'cde'd  in  the  nume'rieal  model.  The-  subroutines  are: 

1.  EXTNT)  - Sets  P , V and  ' valtios  for  dry  cells 

2.  BXDRY  - Sets  boundary  values  for  I'B.N’D  and  VB.VI) 

3.  SETBNX  - Sets  computational  parameters  in  X-direction 
■1.  IT5NT1  - Resets  open  boundaries  in  X-elirection 

.Y . VBNT)  - Resets  open  boundaries  in  Y-direction 
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8.  UEI.BND  - Calculates  U-vclocity  ol  ini  lows  at  open  land  boundaries 
7.  VEU5ND  - Calculates  V-velocity  ol  inllows  at  open  land  boundaries 


Tbe  boundary  conditions  incorporated  in  the  above  subroutines 
on  experimentation  and  tlteoretical  consiiierat  ions  as  outlined 


are  based 
in  Sec- 


tion III  below. 


' III  UOUM)AnY  .XNU  INITIAI.  CONDITIONS 

lioundary  anil  initial  conditions  I'or  the  hydrodynamics  model  arc 
extremely  complex  and  ffonerally  the  data  are  not  available  lor  a complete 
determination.  The  boundary  conditions  usually  consist  ol  a tidal  wave  at 
the  ocean  entrance,  ti-ibutary  inllow  data  at  open  land  boundaries  and  some 
moilel  lor  the  soliil  bound  tries.  Initial  conilitions  should  consist  ol  the 
' water  surlace  elevation  and  transport  velocities  at  each  cell.  Precise 

numerical  values  lor  these  conditions  arc  ttenerallv  not  available,  and 

I 

the  model  uses  the  alternative  methods  ol  obtaining;  initial  conditions, 
as  ilescribed  below, 

3 . 1 Boundary  Conditions 

Speci  lyint;  appropriate  boundary  conditions  at  the  extremities  ol  the 
model  nr  at  water 'land  interlaces  is  usually  very  dillicult  and  olten 
leads  to  serious  numerical  problems  in  the  model.  The  most  dillicult  task 
is  pre'ser  i b i nt;  open  boundaries,  because  the  inlluenco  ol  ujtst  ream  activi- 
ties cannot  be  included.  Hence,  the  predominant  variable  at  the  openinsf 
is  prescribed  as  carclully  as  possible  and  the  remaining;  variables  are 
chosen  in  relation  to  this  prescribed  variable.  At  ocean  boundaries  one 
can  quite  salely  prescribe  the  tide  and  calculate  the  incomini;  velocities 
1 rom  continuity  and  by  assuming;  that  the  How  is  parallel  as  it  enters  the 
Bay.  For  example,  at  Point  San  Pablo  where  the  tide  is  pi-cscribcd,  one 
can  assume  that  V=0.l)  lor  each  time  step  and  and  5^/’'-‘l  ai-e  known,  then 
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ConseeiLienl  1 y , it  is  iK>ssit)lc  lo  dctenninc  t '.u-  cor  re.sjjoiKl  i ih',  velocity  v.liich 
accompanies  the  prescribed  tide  change. 


Open  landward  boundaries  (such  as  t r i but  a r i r .s)  are  not  as  easy  to 
prescribe  because  they  are  inlluenced  both  b\  the  incominR  tide  and  tli< 
volume  of  fresh  water  inflow  from  upstream.  Therefore,  it  is  not  enough 
simply  to  set  these  velocities  because  that  causes  loo  j^reat  an  impedanc.e 
to  the  incoming  tide.  In  DKKGSIM,  the  vc-locity  at  the  boundary  considtr- 
both  the  flow  of  fresh  water  from  upstream  and  the  height  of  the  inco'sing 


tide.  Assuming  that  the  river  flow  is  .specified  as  , then  the  average 

velocity  through  a ci'os.s-sect  i on  of  the  river  at  tlic  opening  is 

.-\  is  the  cross-sectional  area  calculated  using  the  simple  trapeo/.oid 
c 

ruie.  Next,  the  velocity  at  tlie  Ijoundary  is  found  to  be 


-KCflDE.MX  -DIwWTIlJ) 
e 


where  K is  a constant,  TIUEMX  is  the  ma.ximum  tide  and  DLuWTID  is  the 
delayed  tide.  This  boundary  condition  has  been  found  to  be  a good  rc-pre- 
sentation  of  the  tidal  influence  at  the  fresh  water  source. 

Boundary  conditions  at  the  land/water  interface  are  as.sumed  to  be: 

1.  No  slip  for  tangential  velocit  es 

2.  — ^ = 0.0  lor  normal  velocities 
-N’ 

3.  — = 0.0  for  surface  calculations 

N 

"S 

1.  — = 0.0  for  concentration  calculations. 

5>N 

These  boundary  conditions  have  been  found  to  work  reasonably  well  in  t he 
test  cases  that  have  been  run.  .At  Iresh  water  open  boundaries  w.ierc  'hi 
flow  is  large  it  would  be  advisable  to  txtend  the  r.rid  upstri.r  to  obtain 
a better  simulation  and  reduce  the  i.illuenci'  of  tiie  bounda  r\  . 


U.2  Initial  Coiuii  l ions 

Tlu'  pi-fscript  ion  oI  a complctt'  sol  oi  initial  condilions  lor  any 
bay  is  probably  not  possible.  Conseciuenl 1 y , it  is  necessary  to  begin 
the  model  with  all  itiitial  condition^,  at  zero  and  then  generate  initial 
i.'ondit  ions  liy  running  the  model  lor  two  or  more  tidal  cycles  and  storing 
the  linal  results  on  magnetic  laites.  These  re.'-^ults  can  then  be  u-ed  a.s 
the  initial  condilions  lor  subseque-nt  simulations. 

Poor  guesses  tor  initial  conilitions  are  not  imiiortant  because  the 
strong  iorcing  iunct  ion.s  at  the  openings  t eml  to  iorcc  tlic  solution  to 
a reasonable  conclusion.  It  siiould  be  pointed  out  that  the  generated 
initial  coiulitions  do  not  represent  a la.a  1 i zat  i on  of  tiie  real  system. 
Rather,  they  are  within  the  range  oi  rent  1 izat i ons  that  could  occur,  and 
they  correspond  tnia 1 i t at i ve 1 y to  the  general  circulation  pattern  that 
would  develop  in  the  bay  for  a similar  forcing  function. 

The  initial  condition  lor  the  dredged  material  can  likewise  be  set 
to  zero,  because  this  study  considers  only  the  perturbation  in  the  syst<m 
caused  by  the  dredged  material.  If  the  olt.jective  is  to  determine  all 
the  sediment  transport,  then  a knowletlge  of  the  existing  conditions  anil 
.1  time  history  of  sediment  inflows  would  bo  needed.  However,  ince  this 
i not  the  case,  tiie  zero  initial  condition  is  apitropr  i a t e . 

15 . 3 Tracer  1 n i t i a 1 i za  t ion 

Two  methods  are  available  for  j)  resi- r ibl  ng  the  initial  position  ol 
tracers.  First,  tracers  can  bi  input  ;it  any  cell  in  the  system.  The.~e 
tracers  are  controlled  by  the  inittit  pa  .uiit  t e i-  N fRXC  . Second,  tracers  are 
aitt  omat  ii-a  1 1 y input  at  the  dtsixisal  site  every  hour.  liie  dumping  site 
.V.niUMP  is  delined  by  the  following  rult: 


NXniUMP  = X * 100  s M 


For  example,  for  a dredjjed  material  disposal  site  at  N 6 and  M-36, 
NMl)UMP=63l> . Tracers  input  iisinp;  llie  NTIWC  option  are  read  in  as  follows 


IX)  510  KU,  NTIUC 

HIa\D  (5,5003)  N,  M,  I)IAM(K)  , 7.\JOC 

510  CONTINUE 

5003  FOiaiAT  (2(10X,  15),  2(10X,  FIO.O)), 

wliere  I)IAM(K)  is  the  equivalent  particle  diameter  in  i.icrons  and  ZLOC 
is  the  deptlt  of  entry  of  the  particle  in  feet  or  meters.  A typical 
input  card  is  as  follows: 


Card  Columns 

Data 

15 

6 

21-30 

36 

•17-50 

20.0 

68-70 

2.0 

Other  input  data  art  uescriltcd  in  detail  in  Section  IV.  Calculations 
tor  the  tracer  source  terms  arc  shown  in  Table  3.1.  The  computational  grid 
for  San  Pablo  Bay  is  as  shown  in  Figure  3.1. 
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Table  3.1 


SOUliCE  TEHM  CA INITIATIONS 


R;ite  of  DrcdKini; 


1 . Number  of  loads  per  day 

2.  Dredged  material  per  loail 

3.  Solids  per  cubic  feet 


22  loa<ls/day 
2700  yd  /1o:kI 
28  lb  It' 


If  the  dumiting  Is  assumed  to  be  continuous: 


Dumping  rate 


22 


loads 

day 


X 


2700 


ytl^ 

1 oad 


X 


X 27 


li' 

y<l' 


1 ila> 
Sti'lOO  sec 


- 23.(5  X 10  grams/second 


W e i ght  of  Iridium  Tracer  Particle 

1.  Particle  Diameter 

2.  Specific  density'^ 

Weig'it  per  particle  = 2.6 


20  X 10  cm 
2.6  g/cm 

" (20x1  o”’’ cm)"" 


= 1.09  X 10 


Number  of  Iridium  Tracer  Particles  in  20,000  Pounds 
No.  of  Particles  = 2 x 10  lb  x -IS'l  (1.09  x 10 
= 8.33  X 10^''  particles 


jiarl  Icle 


Rate  of  Deposit  of  Iridium  Tracer  Particles 

1.  Number  of  days  of  dredging  38  days 

R.ate  of  deposit  = 8.33  X 10^'^  particles  x ^ / (38  days) 

= 2.54  x 10  particles/second 


SAN  PABLO  BAY 
SAN  FRANCISCO 


FIGURE  3.1  COMPUTATIONAL  GRID  - SAN  PABLO  BAY 


PT.  SAN 
PABLO 


PT.  SAN  PEDRO 


CHANNEL  TO 

central  bay 


PETALUMA 
POINT  10 


MARE  ISLAND  STRAIT 


NAPA  RIVER 


'■n  land 


("  I TIDAL  PLATS  THAT  MAY 
BECOME  COVERED 


CAROUINEZ 

STRAIT 


PINOLE 

POINT 


SONOMA 

CREEK 


NAPA  SLOUGH 


IV  DlUiC.SIM  IMHrr 


1 . 1 Lon'ii'a  1 s 

Currently  tlicri'  are  seven  loj;ieal  eontrnls  as  well  as  eonli'ols  on 
lime,  oiitpul,  and  inpul.  Tlu-  l(>!;ieals  are  usi'd  to  determine  the  I ype  ol 
''imulation  heinu  riin  . The  lopieals  and  the  eo  i' n ‘ s pond  i np  pr()^ianii  inter- 
IH'etatlon  are  as  lollows; 


Lo^icu 1 

ProKi'am  Inlc-rjirt  1 al  ion  il  .TKUl-i. 

TAPE  I, \ 

input  1 rom  ma}.;nri  ic  tape 

TAPEOU 

outpui  to  ma}Aiu.-lic‘  tape 

PHTC1.S 

simulate  particle  movement 

REISTRT 

restart  from  mattiietic  ta])e 

PROT 

diaRiioslic  i)rint-out  of  tape 

METER 

metric  input 

NEWPRT 

bepin  new  ittirticle  simulation 

These  loKiials  are  sped  l ied  in  the  l irsi  card  ol  1 he  input  deck  nsinp  u 
Idrmat  ol  7 1.2.  For  example, 

^ F T T F F F F 

wotild  assittii  a vaUu'  of  .TRITE,  to  TAPEOU  and  PRTCES  , and  would  assign  a 
value  of  .FALSE,  to  the  romainiiiK  lotticals.  The  loK'ieals  HESTRT  . PHOT 
•and  NF.WPRT  will  always  be  .FALSE,  unless  TAPEIN  - .TRUE  . The  spec  i 1 i cal  t on 
ol  PHOT  .TRUE,  should  be  used  with  caution  as  it  may  result  in  a larpe 
volume  of  printed  outijut. 
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■1.2  Situ  Dusuriptors 


Program  vaj-iablus  du-signalucl  as  situ  duscriplors  uru  usud  to  t rans- 
loi-m  tiiu  pliysical  .situ  into  mimurica)  terms  for  simulation.  Tal)lu  1.1 
lists  the  program  variables  and  t lie  situ  descriptor  they  represent. 
Figure  1.1  shows  an  example  set  oi  tlata  that  can  be  used  as  input  to  the 
DREGSIM  program.  Tlie  following  FORTRAN  statements  are  actually  used  to 
read  in  the  values  for  the  variattles  for  (a)  a new  start  and  (It)  for  a 
restart  using  tiata  stored  on  tape  by  a previous  run  of  the  program. 

Case  A (Now  Start) 

READ  (5,3000)  .\BIAX , .N.MAX , .MI.NDO,  NINIX),  NTR\C 
RE/\D  (5,5006)  (TITL  (J)  , J = 1 , 12) 

READ  (5,5007)  L/\Tin)E , LONGIT,  YEAR,  DAY,  HOUR 
READ  (3,5007)  DELX,  DELY , DELT , WINDX,  WINDY 
READ  (5,5007)  HHW , DATUM,  SOURCE 
RE.AD  (3,5002)  )t\XST , NI  , INLET,  IJDUMP , NOUT’ 

READ  (5,5001)  (IKDBD  (M)  , QBNDU  (M)  , TIMDLX  (M)  , M=1  ,MIND0) 

READ  (5,5001)  (NOBD  (N),  QBNDV  (N ) , TIMDLY  (N),  N = 1 ,NIND0) 

IX)  C M=2,  MMIX 

C RE.AD  (5,0001)  ROW,  CAIU)  . (H(N,M),  N=2,  Nmx) 

IF  (PRTCLS)  D,F 
D IX)  E K=l,  NTRAC 

E READ  (3,5003)  N,M,  DIAM  (K) , XLOC 
F CONTINUE 
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Tablo  1.1 


Proff  ram 
Var i able 

MM-\X,  NM/\X 

MIXIK),  NINIX) 

NTR^C 

TITL 

L/VrUDE  , LONGIT 
YE.\R,  DAY,  HOUR 
DELX , DELY 
DELT 

UINDX,  WINDY 

HHW 

DATUM 

SOURCE 

MAXST 

NI 

INIJ.T 

IJDUMP 

NOUT 

.MOBD  , NOBD 
QBNDU,  QBNDV 
TI\n)IA,  TIi\n)LY 
II 

ROW 
CARD 
N,  M 
DIAM 
ZEOC 


PR0G1U\M  VARIABI.E.S 

Site  Descri p t (It  or  Dclinition 

numbt'i-  oJ  cells  in  X-  and  Y -d  1 1 cc  t i on 
number  of  open!  nsti  in  X-  and  Y-di  reel  ion 
number  of  initial  tracers 
alphanumeric  title  of  study  area 

latitude  and  longitude  of  starling  point  (X  0.0,  Y O.o) 

year,  day,  and  hour  of  study 

cell  sjjaeing  in  X-  and  Y-directiott  (fei't) 

desired  time  incremc'nt  (seconds) 

wind  spe('d  in  X-  and  Y-direclion  ( foot /.second ) 

mean  higher  high-watei-  (feet) 

mean  reference  depth  level  (feet) 

dredged  material  input  ( Ki  logram ''second  ) 

maximum  number  of  time  steps 

number  of  ocean  openings 

orientation  and  position  of  ocean  opening 
location  of  dumping  site 
output  every  NOUT  steps 

open  boundaries  in  X-  and  Y-directions 

3 

inflow  volume  at  MOBD,  NOBD  (feet  /second) 

time  for  tide  to  go  from  inlet  to  \K)BD , NOBD  (minutes) 

depth  from  mean  reference  level  at  each  grid  intersection  (I  eel  ' 

row  or  .M  number  for  current  set  of  depth  data 

card  number  for  current  row  ol  depth  data 

cell  location  of  tracer  part i cl e dump 

ec|Uivalent  tracer  particle  diameter  in  microns 

initial  depth  of  entry  for  tracer  particles  (feet) 


16 
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4 


r 


F T T F F F F 

MMax=  5l  NMAXa  31  MlNOOr  2 NINDO*  3 NTRAC*  6 

SAN  Pablo  bay  s.  f. 

LAT  36, LONG!  lOB.YEAR  1958. DAY  *5. HOUR  0. 
1320,  132q,  60*  Dt  0, 

7-00  •6ol  236.0 

HAXST  300  NI=  IINLET  13  IJOP  636  NOUT  25 


00 10A090 


15103051 

13109W1 

13122281 

10000 

1000 

1000 

.0 

.0 

.0 

37. 

10. 

15. 

0 

0 

0 

13)41421 

1000 

.0 

20. 

0 

1 1 

-20.0 

9 

64 

72 

74 

72 

50 

9- 

20.0- 

99.9 

2 1 

-20.6 

9 

24 

52 

70 

74 

72 

15 

15 

8 

3 

3 

2 

2 0 

2 2 

0 

0 

0 

0 

6 

-9 

-9 

-9 

-9 

-9 

-9 

-9 

-9- 

20.0-99,9 

3 1 

-20.0 

9 

10 

26 

48 

72 

66 

30 

16 

13 

11 

9 

6 

4 3 

3 2 

2 

2 

1 

1 

1 

0 

0 

0 

-1 

-1 

-2 

-9 

-9 

-9-99,9 

♦ 1 

-20.0 

9 

9 

16 

46 

49 

50 

48 

40 

16 

88 

8 

8 

7 6 

4 2 

5 

3 

2 

2 

2 

1 

0 

0 

0 

-1 

-2 

-4 

-9 

-9-99.9 

5 1 

-20.0 

9 

9 

10 

35 

43 

46 

45 

36 

29 

16 

7 

8 

6 5 

5 2 

5 

4 

3 

3 

2 

3 

3 

1 

1 

0 

-2 

-4 

-9 

-9-99.9 

6 1 

-20.0 

9 

9 

10 

28 

41 

44 

43 

39 

30 

20 

10 

8 

7 6 

6 2 

5 

5 

4 

3 

3 

3 

3 

2 

1 

1 

0 

-1 

-2 

-9-99.9 

7 1 

-20.0 

9 

9 

9 

14 

37 

41 

40 

40 

30 

23 

18 

1? 

9 8 

7 2 

9 

8 

6 

5 

5 

4 

3 

3 

3 

2 

1 

0 

6 

-9-99.9 

8 1 

0 

9 

9 

9 

9 

32 

38 

39 

38 

33 

19 

15 

14 

lO  7 

e 2 

5 

7 

7 

8 

4 

4 

4 

2 

2 

2 

2 

1 

0 

-9-99.9 

9 1 

0 

9 

9 

9 

9 

24 

35 

38 

38 

37 

19 

16 

12 

9 9 

9 2 

12 

6 

5 

7 

5 

5 

4 

4 

3 

2 

2 

2 

2 

2-99.9 

lu  1 

0 

9 

9 

9 

9 

18 

32 

39 

38 

37 

24 

15 

14 

9 7 

10  2 

9 

7 

6 

5 

5 

5 

4 

4 

4 

3 

2 

2 

2 

2-99.9 

11  1 

0 

9 

9 

9 

9 

14 

30 

36 

38 

37  ' 

25 

15 

13 

1 0 0 

11  2 

7 

7 

9 

5 

5 

4 

4 

4 

4 

3 

2 

2 

2 

2-99.9 

12  1 

-9 

0 

9 

9 

9 

10 

25 

33 

40 

35 

34 

14 

T? 

1 1 8 

12  2 

7 

6 

6 

9 

6 

4 

4 

4 

4 

3 

3 

3 

_? 

2-99.9 

13  1 

-9 

-9 

0 

9 

9 

10 

20 

33 

40 

33 

30 

15 

11 

1 1 9 

13  2 

8 

6 

5 

5 

5 

6 

6 

5 

5 

5 

5 

5 

_5 

3-99.9 

14  1 

-9 

-9 

0 

9 

9 

9 

18 

33 

41 

33 

33 

16 

1 n 

lO  10 

14  2 

8 

6 

5 

5 

5 

5 

5 

4 

3 

2 

2 

2 

2 

-9-99.9 

15  1 

-9 

-9 

.9 

0 

3 

7 

21 

32 

38 

33 

32 

20 

16 

9 9 

15  2 

8 

7 

6 

5 

5 

5 

4 

4 

3 

2 

2 

2 

T 

-9-99.9 

16  1 

-9 

-9 

.9 

0 

3 

10 

20 

28 

34 

34 

31 

21 

9 

8 9 

16  2 

8 

7 

6 

6 

5 

5 

4 

4 

3 

3 

2 

1 

i 

-9-99,9 

17  1 

-9 

-9 

-9 

0 

3 

9 

20 

25 

33 

34 

29 

20 

9 

8 8 

17  2 

8 

7 

6 

6 

5 

5 

4 

4 

3 

3 

3 

2 

T 

-9-99.9 

18  1 

-9 

-9 

0 

0 

4 

10 

19 

26 

32 

33 

28 

22 

9 

7 7 

18  2 

8 

7 

6 

5 

5 

5 

4 

4 

3 

2 

3 

2 

_T 

-9-99.9 

19  1 

-9 

0 

1 

2 

5 

11 

16 

25 

30 

33 

26 

16 

IQ 

7 6 

19  2 

7 

7 

6 

5 

5 

5 

5 

4 

3 

3 

2 

2 

1 

-9-99.9 

29  1 

0 

1 

1 

2 

7 

11 

17 

26 

32 

31 

25 

20 

10 

7 6 

20  2 

7 

7 

6 

5 

4 

4 

4 

4 

3 

2 

2 

2 

1 

-9-99.9 

21  1 

0 

1 

2 

5 

8 

12 

20 

26 

27 

29 

23 

15 

9 

7 6 

21  2 

7 

6 

5 

5 

5 

4 

4 

3 

3 

2 

2 

1 

i 

1-99.9 

FIGUliK  .I.!  INPUT  l).•\TA--SA^•  PA"i/' 
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22 

1 

0 

2 

3 

6 

io 

14 

18 

23 

25 

26 

21 

15 

a 

7 6 

22 

2 

5 

6 

6 

5 

5 

4 

4 

3 

3 

2 

1 

1 

T 

1-99.9 

23 

1 

0 

2 

5 

6 

9 

14 

21 

25 

27 

27 

!•> 

12 

i 

7 6 

23 

2 

6 

6 

6 

5 

5 

4 

4 

3 

3 

2 

1 

1 

1-99.9 

24 

1 

0 

3 

5 

6 

10 

17 

20 

25 

26 

26 

15 

11 

2 

7 6 

24 

2 

6 

5 

5 

5 

5 

4 

4 

3 

2 

2 

2 

1 

1 

1-99.9 

2S 

1 

0 

4 

5 

7 

10 

17 

21 

23 

24 

21 

16 

10 

7 

7 6 

25 

2 

5 

5 

5 

4 

4 

4 

3 

3 

2 

2 

2 

1 

I 

1-99.9 

26 

1 

0 

5 

5 

8 

12 

ie 

24 

26 

27 

22 

14 

7 

6 

6 7 

26 

2 

5 

5 

4 

4 

4 

4 

3 

3 

3 

2 

1 

1 

• 1 

1-99.9 

27 

1 

0 

5 

5 

8 

14 

20 

25 

27 

28 

17 

12 

6 

5 

_5  4 

27 

2 

5 

5 

4 

4 

4 

3 

3 

3 

2 

2 

2 

1 

I 

1-99.9 

2S 

1 

0 

4 

7 

9 

i4 

22 

26 

24 

22 

15 

7 

5 

5 

5 5 

28 

2 

4 

4 

4 

4 

4 

3 

3 

2 

1 

1 

1 

1 

0 

-9-99.9 

29 

1 

0 

4 

5 

9 

15 

23 

27 

25 

20- 

20.0 

5 

5 

5 

5 5 

29 

2 

4 

4 

4 

3 

3 

2 

2 

1 

1 

1 

1 

0 

-1 

-9-99.9 

36 

1 

6 

5 

6 

11 

16 

27 

31 

25 

16- 

20.0 

5 

5 

5 

4 4 

30 

2 

4 

4 

3 

3, 

2 

2 

1 

1 

0 

0 

-1 

-2 

-4 

-9-99.9 

31 

1 

0 

5 

7 

11 

20 

29 

32 

25 

9- 

20.0 

4 

4 

4 

3 3 

31 

2 

3 

3 

2 

2 

2 

1 

1 

1 

0 

-1 

-2 

-4 

-9 

-9-99.9 

32 

1 

0 

2 

7 

11 

24 

29 

35 

21 

9- 

20.0 

3 

3 

3 

3 2 

32 

2 

2 

? 

2 

1 

1 

0 

0 

-1 

-2 

-3 

-4 

-6 

-9 

-9-99.9 

33 

1 

6 

1 

7 

15 

24 

34 

38 

12 

8- 

26.0 

2 

3 

2 

2 2 

33 

2 

2 

2 

1 

1 

1 

0 

-1 

-2 

-4 

-9 

-9 

-9 

.c)_99.9 

34 

1 

-9 

0 

10 

14 

35 

45 

32 

10 

7- 

26.0 

1 

2 

1 

1 1 

34 

2 

1 

0 

-1 

-2 

-3 

-4 

-6 

-8 

-9- 

99.9 

35 

1 

-9 

0 

15 

20 

35 

45 

28 

10 

-1- 

20.0 

0 

0 

0 

0 0 

3a 

2 

0 

-3 

-3 

-4 

-6 

-9 

-9 

-9-99.9 

36 

1 

-9 

0 

17 

21 

55 

42 

25 

0 

-3 

-3 

-3 

-3 

-4 

-6  -8 

36 

2 

-9 

-9 

-9 

-9 

-9- 

■ 99.9 

37 

1 

-9 

0 

20 

25 

50 

40 

0 

-4 

-4 

-4 

-5 

-5 

-5 

-6  -8 

37 

2 

-9* 

99.9 

38 

1 

-9 

0 

30 

45 

45 

26 

0 

-2 

-4 

-6 

-9 

-30. 

-39. 

-30.  -30. 

38 

2 

-30. 

-30. 

-30. 

-30. 

-36. 

-30. 

-30. 

-30. 
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f\f  -c  f\) 


Case  B (Best art) 


READ  (5,5002)  M\XST,  NOUT 
liEAD  (5,5007)  DEBT,  WINDX,  WINDY 
READ  (5,5007)  SOURCE 
READ  (5,5002)  IJDUMP 

READ  (5,5001)  (MOBD  (M)  , QliNDU  (M)  , TI^^)LX  (M)  , M=1  , MINDO) 

READ  (5,5001)  (NOBD  (N)  , QBNDV  (N ) , TIMDEY  (N)  , N = 1 , NINIX)) 

IE  (NEWPRT)  D,F 
D READ  (5,5002)  NTR<\C 
rX)  E K = I,  NTRi\C 

E RE/\D  (5,5003)  N,M,  DIAM  (K)  , 7,L0C 
F CONTINUE 

A -99.9  entry  in  a depth  data  card  is  used  to  indicate  the  end  of 
data  foi-  that  particular  row.  T!ie  card  formats  ai-e  as  follows: 


5000 

F0RRL\T 

(5.(7X,  13)) 

5001 

FORMAT 

(2X,  18,  2F10.0) 

5002 

F0RM,\T 

(5(5X.  15)) 

5003 

F0RM/\T 

(2(10X,  15)  2(10X,  FIO.  )) 

5004 

FORMAT 

(7L2) 

5005 

F0RM\T 

(212,  IX,  15F5.0/(5X,  15F5.0)) 

5006 

F0RM/\T 

(12A6) 

5007 

FORMYT 

(5(5X,  F5.0)) 

T . 3 Explanations 

Several  previously  mentioned  variables  require  more  explanation  and 
are  discussed  in  this  section. 

INLET  is  an  intcficr  vai'iable  used  to  specify  the  opening  which  opens 
to  the  ocean.  The  value  of  the  variable  is  determined  as  follows: 
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INLET 


N * 10  ! S {or  M * 10  4 S) 


wh-TC  N (or  M)  is  the  column  (or  row)  that  contains  the  opening  and  S i 
a numeric  code  to  indicate  the  side  ol  tiie  column  (or  row)  wtu'ii-  tlie 
opening^  occurs.  II  the  opening  is  alontt  the  .X-di  rect  ion  , then  the  valui 
of  S is  either  1 or  3 depending;  wliether  the  opening  is  cjii  t lie  lep  or 
bottom  side  oI  the  row  of'  cells  containing;  the  opening;.  II  the  o[)C‘n  i rut 
is  aloiift  the  'll’ -di  roc  t ion  , then  the  value  ol  S is  either  2 or  1 uepinrlinr; 
wliether  the  opening-  is  on  the  riglit  or  left  side  of  the  column  of  cells 
containing  the  opening.  Ucl'erring  to  Figure  1.1  . the  ocean  opening  neaj- 
Point  San  Pablo  is  INIJiT  13,  since  M- 1 and  the  opining  is  on  the  bottom 
side  ol  the  cells  bc'twoen  N -1  and  N 9.  lloweiei  i 1 tile  ocean  ojiening  is 
near  Petaluma  Point,  then  INLET=311;  since  .\  3 1 anil  S -I.  11  the  ocean 

opening  is  at  the  Carquint-/.  Strait,  then  INLET -all,  since'  M 51  and  S = l. 

IJDUMI’  is  the  dump  site  identifier  and  is  delinetl  as  IJDU.MP=N*  1 00 -M. 
For  example,  it  the  dump  site  is  at  cell  N-6,  ,M-3f>.  1 hen  IJDU.MI' -636 . 

^K)BD  and  NOBD  arc  eight-digit  codes  delining  the  open  boundaries 
along  the  X-  and  Y-di rections , re  sped i ve 1 v . The  codes  lor  MOBD  (or  NOBD) 
arc  as  lollows: 


Digit 


Data 


1 Tj’pe  ol  open  boundary.  O means  open  ocean  boundary. 

1 means  oiien  landward  bounilary. 

2 and  3 The  row  (or  column)  where  the  open  boundary  is 
located . 


■1  ami  a The  lirst  column  (or  row)  of  the  open  boundary. 


6 anil  7 


The  last  column  (or  row)  of  the  o[ien  boundary. 


8 


A code  to  indicate  the  side 
A 0 means  the  opening  is  on 
side  of  the  column  (or  r w ) 
means  the  opening  is  on  the 


where  the  opening  occurs, 
the  bottom  (or  right) 
of  open  cells.  A 1 
top  (or  left)  side. 
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For  example,  reiorring  to  Figure  1 . I : 

(a)  The  opening  for  Carqiiincz  Strait  is 

MOBD  = 15103051 

- open  U|)pcr  Itoiindary 
--  N last  is  5 

--  N first  is  3 
— M=51 

- open  landward  boundary 

(b)  The  opening  near  Point  San  Paltlo  is 

MOBD  = 0010-1090 

- open  lower  side 
--  N last  is  9 

--  N first  is  1 
— M=1 

- open  ocean  boundary 

(c)  The  opening  for  Mare  Island  Strait  is 

NOBD  = 13111121 

- open  left  side 
— M la,t  is  12 

--  M fir  t IS  II 
— N=31 

- open  lane. Ward  bMUndarv 

Each  open  boundary  must  be  describe  <i  in  this  way  so  tliat  approiir  i a’ e 
boundary  conditions  can  be  set.  The-  remainder  ol  the  data  is  obvious 
from  Figure  1.1. 

1.1  CDC  7600  Control  Cards 

The  sequence  of  contiol  cards  sh.own  in  Figure  1.2  is  tiic  minimal 
set  for  running  the  DREGSIM  program  using  stored  data.  Note  tiiat  tlie  data 
is  stored  as  an  UPDATE  file  to  facilitate  changing  tin  data. 
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D«tD6Ei  12»64, 15a0  0 0.80  382H,st^WAGGSiL 
«PSS 

Ft  TCHPS ♦DREDGE *DHEGSlM*UPtGSIM. 
UPDATEiFfP=DREG3IM. 

RE'VIND^OUTPUT. 

RETuRMiDHtOSIM, 

RUN76f I=COMPILE ♦NL77777. 
REfURWiCOMPILE. 
FETCHPSiDREDGt»PrtRLO*PAbLU, 
RETlJRNfCOMPILE. 

UPDATE *F ♦P=PAbLO«C=TAPE7 ,U, 
RETuPNtpAbLO. 

LGO. 

7/8/9 

7/8/9 

*1DENT  PAciLOFX 
«D  pAbLO.2 
7/8/9 

F T T F F F F 
INFILE=  7 
7/8/9 
6/8/9 


FIGURE  CDC  , no  C<  rTi{  ’'.  CARDS 


5- no 


■1 . 5 Online  Program 


Part  oi  ll\e  objective  ol  tl\is  slu(l\  was  to  explore  llte  possibility 
of  usinti  the  DitKGSIM  prottram  in  an  on-line  mode.  Figure  -1.3  shows  a 
typical  run  using  the  on-line  version.  However,  con  si  doraltl  e work  is 
necessary  before  tlie  DUEGSIM  can  become  a viable  model  using  tlie  Beikeley 
system.  A major  disadvantage  witli  tlie  present  system  is  the  voluminous 
output  generated.  It  would  be  possilile  to  reduce  the  output  if  the  remote 
system  was  equipped  with  a iilotting  system  so  that  the  particle  traces 
could  be  observed  dynamically. 

The  limited  testing  with  tlie  on-line  version  of  DltEGSIM  did  indicate 
that  it  could  be  a powerful  analysis  tool  once  confidence  had  been  gained 
with  the  simulation  pro.gram.  The  UIIEGSIM  program  should  bo  u>ed  in  a re- 
mote batch  motle  to  obtain  information  about  potential  applications.  Then, 
if  sufficient  justification  is  generated,  the  model  could  be  switched  to 
the  on-line  mode  at  a suitable  ins! a 1 1 a t ion . 
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>LOG#rFST.  la.^OOf  6U000. 80  382fc.  SPKAGGS^ 

LOGl-'J  CP-IO  T7V-09T  0 7 . 59  . ‘SK  t 5 7 A*fi»0  7 / 1 y / 74  . 

rcsTOoe  locgfo  i.m.  sesame  1.3  E\rEfci.yG  »eoi  r 

OK  - EDIT 

tL3AD(CO.''JTr7JLi  DREDGE  ) ! 

LOAD  1,9  PROGRESS 
LOAD  C3KPLETE.  EMTFRI.nJG  »EDJT 
OK  - fEDJ  T 
f RU.N  ' 

BEGIN  EDIT 
PROTOlE' 

SLOT  FPPTr 
RU.N77,;C  ' 

RU.N76. 

SFL»C 
SFL( 500007 
5 n 5 ; A ! 

SFL( ? 50000 7 

»c? 

SLOT  EKPTT 
RU.977,7  Rt 

NOW  TYPE  tEOF  f RUN  76 7 
tEOF' 

BEGI.n  RUN76  COMPILATION 
BEGIN  LDAP  A,\D  F7(ECUT10N 

ENTER  JTERAT13.N  PRI.NT  OPTION  (157 

2' 

N,KA7(  MMAA  .NCARD  MINDS  NI  ,NDO  NSECT  NSTAT  NTRAC 
31  51  320  3 4 76  I 7 


[ 


SIMULATION  AT  TIME 


360.00000 


NO  CELL-X  CELL-Y 


W/:ER(K7  X-DIST 


TRACER 
Y-DI ST 


1 

4 

2 

- .0 

2 

IP 

9 

- .0 

3 

5 

21 

- .0 

4 

4 

50 

- .0 

5 

12 

30 

- .0 

6 

7 

36 

- .0 

I . 61 67E*03 
5. 9799E*03 
2. 3400E»03 
I . 3065E*03 
5. 9600E*03 
2. 8600E*03 


7. 7805E*02 
4. 4196E»03 
I .01 40E*04 
2. 5221 E+04 
1 . 5340E»04 
1 . b460E*04 


SEmAA 

SEMIN 

VMAX 

. 30  7 

0. 

. 399 

BREAKPOINT  I 
CUS  LEFT  = 417 
R' 

RESTARTING 

SIMULATION  AT  TIME  = 

720.00000 

UMIN  VMAX 

-.250  .250 


FTGURK  1.3  OXLINK  \1ERSI0N  OF  DREGSIM. 


LEn  LEN2 
1581  3794 


DEPTH 

1.61 54E»01 
5. 2579E»00 
I . 21 93E*00 
1 . 1 735E»01 
1 . 524 1 E»00 
1 . 34P7E*01 


VM  N 
- . 250 
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TRACER 


NO 

CELL-X 

CELL- Y 

WZERCK) 

A-Dl ST 

Y-DI ST 

DEPTH 

1 

A 

2 

-.0 

I . 79A3E»03 

7.711 3E.02 

1.61 5AE.01 

2 

I 2 

9 

- . 0 

5.9  2f  .03 

A, aOsaE.03 

5.2579E.00 

3 

5 

21 

- .0 

2. 3A00E+03 

1 . 0 1 AO  E ♦ 0 A 

1 . 2193E.00 

A 

A 

50 

-.0 

1 . 36A1 E + 03 

2. 5223E+0A 

1 . 1735E.01 

5 

12 

30 

- .0 

5.9800E+03 

1 . 53A0E»0A 

1 . 52A1 E»00 

6 

7 

36 

-.0 

2. 8606E.03 

1 . 8A60E.0A 

1 . 3A87E.0 1 

SEMAX 

SEMIN 

VMAX 

UMI  N 

VMAX 

VM 1 N 

REAKPOINT 

. 373 

1 

0. 

. AA3 

- . A31 

. 37  1 

- . 250 

CUS  LEFT  = ■aOS 
T HYDRO. IPRTCl) 

1 I 5605 
A 115605.1! 

OK 
R ! 

RESTARTING 

ENTER  TRACER  NO.  Cl  2) 

1 ! 

ENTER  NEW  A . Y . Z 

1000. ! 

100.! 

10.  ! 

ENTER  TRACER  NO.  (12) 

0! 

SIMULATION  AT  TIME  = 900.00000 


TRACER 


NO 

CELL-X 

CELL-Y 

WZERCK) 

X-DI ST 

Y-Dl ST 

DEPTH 

1 

3 

1 

-.0 

8.9772E.02 

9.8096E*01 

A. 72A5E+00 

2 

12 

9 

-.0 

5.9601E.03 

A. 39A8E*03 

5. 2579E.00 

3 

5 

21 

- .0 

2.3399E.03 

1 . 0 1 A 1 E»0 A 

1 .2193E.00 

A 

A 

50 

- .0 

1 . A06AE.03 

2. 522AE.0A 

1 . 1 735E*0 1 

5 

12 

30 

-.0 

5.9bOOE»03 

1 . 53A0E*04 

1 . 52AI E*00 

6 

7 

36 

- .0 

2.8625E.03 

1 .8A59E*0a 

1 . 3A87E*01 

FIGURE  1.3 
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RCP( 127157) 

BREAKXX  SG  16 
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DEBUGGER  READY. 
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STOPiRf 
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tEOE? 
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FIGURE  4,3 


(Concluded) 
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The  oh.iective  of  this  ma)uial  is  to  piovide  tlie  San  Francisco  District 
of  the  U.S,  Ai-my  Corps  of  Engineers  with  the  necessary  information  to 
access  and  run  the  DREGSIM  simulation  ])ronram.  There  are  currently  some 
site-dependent  portions  of  the  code  that  would  have  to  he  changed  in 
order  to  use  the  model  in  areas  other  titan  San  Pablo  Bay.  In  addition, 
the  inflows,  wind  velocities  and  deptlis  in  the  Bay  should  be  changed  to 
be  time-dependent  variables.  Experience  lias  shown  that  there  is  an  advan- 
tage to  be  gained  by  storing  a two  tidal-cycle  simulation  on  the  mass 
storage  system  and  using  it  as  the  initial  condition  for  subsequent 
simulations.  This  procedure  would  shorten  the  time  required  to  sei  up 
a simulation  run. 


30 


5-127 


(lEFERENCES 


1.  Spraggs  and  Street,  "Three  Dimensional  Simulation  of  Thermally 
Influenced  Hydrodynamic  Flow,"  Stanford  Univ.,  Ph.D.  Thesis,  1974. 

2.  Hirt,  C.  W.,  "Heuristic  Stability  Theory  for  Finite-Difference 
Equations,  Journal  of  Computational  Physics,  Vol . 2,  No.  4.  June 
1968,  pp.  339-355. 

3.  Leendertse,  J.  J. , Aspects  of  a Computational  Model  for  Long-Period 
Water  Wave  Propagation,"  RM-5294-PK,  Rand  Corporation,  May  1967. 

4.  Leahy,  E.  J.,  Memorandum  No.  WESEE-74-21,  USAEIVES  Explosives 
Excavation  Research  Laboratory,  U.S.  Army  Corps  of  Engineers, 
Livermore,  California,  1974. 


o n o o o r*  o 


Listing  1.  DREGSIM  Program 


P»0GB*H  r)»ES8 OUTPUT,  T*Pe6»0UTPl.lT  I TAPfSBlNPUT.FTLMPt 
♦ .lAMl*T4PW*llPEta,T*Peil,T*PtlJJ 

PROGPAP  TO  SIMULATE  THE  OISPERSlOH  OP  OlgPOSEO  6PE0CED  MATESIALS 

SPPASGS,  LYNN  0,  _ 

STANFORD  RESEARCH  INSTITUTE 


CALL- SETUP 
CALL  HYDRO 
STOP 
END 


Listing  2.  SUBROUTINE  MIAB 


SUBROUTINE  “IABfMltBNO,w,NMAX,HHAY) 

PIHENSION  HJ*BnP(NM*y,H«AY),  HCnhAx.HMAXI 

on  6 Nal.NHtY 
00  S m«i,mmAX 

Hl4BN0(N,M)«.0 

5 CONTINUE 

6 continue 

NHAXHaNMAx  . 1 

NHArH  • HMiX  • I 

00  SP  I ■ 2.NHAX 

Do  SO  J ■ ?,MMAx 
HIJ»h(I.i,J.i) 

MiPjiMd.j.n 

HlJPaHd-l.J)  . 

HIOJPiMf I , 

IF(HIJ  ,GE.  o.on  GO  TO  10 

iFtHipj  .cE,  o.on  GO  TO  in 
IFfHIJR  .GE.  o.on  GO  TO  In 
HIABNOn.JI  • ? 


— 

if(hipjp  ,lt.  o.on 

GO  TO  50 

HliSNOd.J)  • aO 

10 

continue 

HIAHNUn.Jl  P 1 

i»(HipjP  ,LT,  o.on 
GO  TO  so 

HIABNOfllJ)  p « 

?0_ 

continue 
MIA8N0d.J)  ■ p 

, 

--- 

tf(hipjp  ,lt.  o.on 
GO  to  so 

MIABND(I.J)  a s 

30 

continue 

IFChIPJ  .GE,  o'.on 

GO  TO  «n 

HIAPNpn.  J)t5 

iFfHijp  ,lt,  o’.on 

GO  TO  50 

HIARNOn.JT  • 6 

«0 

continue 

“I*BN0(1,J)  • 1 

if(hijp  ,lt.  o.on  Ht*flNon,.i)»T 

50 

continue 

SO 

CONTINUE 

RETURN 

END 
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Listing  3.  SUBROUTINE  SETUP 


SUBROUTlwf  SETUR 

SET  0IBENS10^'S  OF  THt  SYSTEM  ^ 

Dt^ENSlON  ►‘Y(5O5i*nOOO0J.L(5O09O),lFET(S) 

EOu!v*LEncE  (KM).  LM)) 

COMMON  /rrUES/  1*jFILE 

COMMON  /Lor.ic  / T*PEIN,TAPEnU,PBTCLS,BESTBT,P»OT, meter 

.►JEi-PPT  ^ 

LOGICAL  TAPEIN,TAPEniJ,BBTCL8,RE8TBT,PPOT,METER 

jNEMPBT 

I^iTEGEB  SYSOIM 
SYSDIM.JoflOO 


NOTE 

».OELX,M,i  ano  V ABE  IM  COmPUTATIOMaL  EAST.mEST  0I». 
Y,DELT,M,J  and  U are  in  computational  NORTH. SOUTH  DIB, 


RF*P(5.500n  TAPEIn,TAPE0U.PRTCL8.REST»T,RR0T,nETER 
.nEmPRT 

setupp  b .true. 

REMIND  9 

remind  10 

1F(,nOT,  TAPEIN)  GO  TO  5 

I^RUT«5 

RfAOfQ)  MMAK.NMiX.MJNOn.NlNOO.NTRAC 

GO  TO  6 

CONI INUE 

bFaO(S,SOOO)  infile 

READ ( INF ILE.SnOO)  mmax.NMAK.MINdO.NINOO.nTRAC 

MlNOr!*«IWDO*l 

N I NOOSN I NOO* 1 
CONTINUE 

lF(.Nri.  TAPEOII)  go  to  7 

"RITE  MO)  MM*y,Nt'AV,HlNDO,NINOO.NTBAC 

IF(PRTCLS)  MRITEftn  MMAX,NMA*,mJNOO,NINOO,NTRAC 

COnTIM.iE 

NSECT  » (NMiy«^)/2 

IF(N“ax  ,lt,  mmax)  nSECT  R (MMAy«J)/2 

nCARDbnSTEP 

M»  ( n»i 

L E N»NM*  y «MMt  y 

LEn?  ■ NM»y»MM4y«lNT(?,u) 

on  10  R«2,11 

MM|Ma I 

My ( M) iMy (MM) *lEN 

continue 

LT0TAL»l?*LEN*l?nn*MMAX*3*(MlN0D*NIN00)Alhn 
LTnTA?*?»fLEN*NSECT)*U*NMAX4MlNDO*NlNOn*LEN2 
LTQTbI TOTAU+LinTA? 

IE(LT0T  ,GT.  svSPIm)  go  to  999 

ZERO  REAl  storage 


DO  T«1  ,1  total 


Llstinf;  3(continued) 


20  tOSLU^Ut 

C 

ZERO  INTEGER  STORAGE 
C 

00  25  1»1,LT0T*2 
UI)»-0 

25 CONTINUE - — 

C 

►■i(U«)|Nltn3JT200  - — 

«X ( 16) «NX ( 15) tZOu  - — 

M*(17)«Mxn6)*600 

*'X(18)lNX(lT)  * hMAX  

M»f  19)»m*(18)  ♦ ''INDO 

«X(20)iNXflR)  ♦ NiNDO  

hx(21)«m*(20)  t MlNDO 

NX(22)  » “X(2n  t NINOO  _ 

«Xf21)«MX(2J)  4 MlNOn 

►*X(2in*«Xf2I)  * NiNTO-  

NX t25)e«x(2U)  4 160 

LEN2»NHAX»NM4X4j,a  - 

Ll-LTOTAl.41 
L2»  LI aLEN 
L5»  12»LEN 

U«»  LStNsecT 

L5»  LuaNSECT 

L6»  LSaNINOO  . _ . - . --  

L7*  L6ANINO0 

L?»  LTaNmax  — 

LR«  lSaNmax 

L10«L9_  aNNAX.._ - 

LIHUIO  aNmix 

L12«L11  a LEn2  . 

LIJiUZ  A 12 
L1<J«L1J  A flO 
C 

c THESE  CARDS  NEEDED  TO  MAKE  THE  PROGRAM  COMPATIBLE  MITM  

c coc  eootran  pun  compiler 
C 

MXl  »MX(1  ) 

mx2  «Mxt2  ) 

MXJ  gM«fJ  ) 

M«u  iMxca  ) 

MX5  IMXIS  ) 

MX6  tMX(6  ) 

MiT  IMX (T  ) 

MX8  iMXfS  ) 

MXP  «MX(R  ) 

Mxin.Mx(io)  . . ... 

Mxi i.Mx  n I ) 
m»I2»mx(i2) 

MxiTiA-xfn) 

M X 1 U E H X ( 1 a 1 
MX iee“i r IS) 

...  m«16e“x(16) 


35 
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lasting  3(concludetl) 


t TIM* ( t >) 

w«i*«*‘x(ie) 

“XI fliMx ( 1 g ) 

My20«“X(?0) 

(2  5) 

C 

c»  HVD»r 
c 

C*LL  wvrRni  (x(M*n,x(M)f?),*(MxJ,,x(M*a),y(M*s),x(M*6) 

_ ♦ i»P'*7  ).>(«xe  ).x(«xq  ),x(Mxjoi^xCHxiu.x(Mxi2),x(Hxi3)  

♦ ,X(Hxl(l),«f>»X15),X(Mylb),)((MX(T,,X(MXl«),X(MXl')) 

♦ *x(HX20),x(Mx^n.X('<X22),X(Mx^■^),x(>*x^«) 

♦ .LtU),  L(L2),  LfL3).  L(LU).  L(l5),  L(Lfc).  L(L7),  L(U8).  L(L<>) 

♦ fU(Ll  1 ) ,L  (U2)  ,L(Lt  D.LaHi)  .U(^X22).L(M*?5) 

♦ ,*'M*X,N“*X,SC»B').HIMD0,MIN00,NSt;CT,N3T»T,MTR*C,LE>J,LE».2) 

BE  Tl.iBki  _ 

EKTOy  hVOOO 

IE(,W0T,  SETUPP)  GO  TO  BB 
C 

C*LCULiTt  VELOCITIES,  fTC, 

C 

_ C»U  ><yOR02(x(“xniX(“x2)fX(MxJ5,x(»<xuj,x(“x5),xO<X«>)  

♦ ,x{yiT),x(“x«).x(MXB),x(Mxio),X(MXH),x/,ixi2),x(MXii) 

y ,x(Mxi(,),x(Mx)5),x{Mxjh),xc<xt7),X(Mxt;*>,X(wxiB),xcMX20) 

♦ ,X(^'x2n,X(Mx22),X(My?J),x(*'X3iO 

♦ ,L(M),L(L2),L(L5).L(L“).L(L5)iL(L6),L(L7),L(Le),L(LB) 

♦ iiam.L(L12).L(Lt5l,L(LlB)»i.(«x22),l(MX2i) 

♦ jHKix.'JMtX.iJCiBO.MlNDn.NlNDri.NSECT.kiSTAT.NTBxC.UEN.LENa) 

BE  TLiB^i 

BB  Cn^TIMlE 

KOITEf«),6001  ) 

CALL  EXIT 
Bgg  cO'jTInuE 

_ nSITE (A,ftP02)  LTOT.LTOT.LTOT 
CALL  Exit 

STOP 

c 

c 

5000  7CBMAT(8(TX,n)) 

5001  fOB“aT («0L?) 

6000  E0B“ATf*  DlMENSinN  X(*,I6  ,•),  L(».l8t*)»/) 

6001  FnR«AT(//*-.-.EOOOS..».3ETI!P  xjOt  C ALL  EP----*  ) 

PATA  SETuPP  /.false./ 

6002  FrB«AT(/«  EPono  •••••  sToBace  capacity  exceEPEP*/ 

♦ ,6X,»  OT«EMSION  X(*,16,*),  Lf*,T6,*)»/6X,*  S VSO 1 * , 1 6/ ) 

E«<0 
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Listing  4,  SUBliOUTINE  CHEZY 


SUH90iiTlNf  CMEZV(kiMi*,MMnr,c,M) 

DIMENSION 

C 

C0N?«45,0 

CON3i50,0 

c 

■ NMA*  ■ I 

MViKM  ■ HM<K  . ( 

DO  100  ■ J.NHiXM 

00  ?0  “ • 

KP««p*i,n 

CCl0.9«HP 

IE(CC  ,LT.  1,0)  CO  TO  «9 

C (►'♦1  I ) ICON  1 *11.00  (CC)TCOHJ 
on  TO  50 

«9  COMTIMie 

TEhP«1P8(CC) 

Ct»'Tl.MtnfCDNl*lLQ0fTeMP)TC0N2  ..  

50  C0^TI^JUE 

»00  CO^-TIMJE 

DO  ZOO  Msl.NMlX 
DO  150  Mll.MMlX 

IE(C(N,M)  ,LT.  CO'JZ+IO.O)  C(N,M)«C0»J3 

150 CONTINUE 

JOO  COnTIwuE 

r PETIJB'^ 

i e^'O 


Listing  5.  SUBROUTINE  TIDINT 


SUBBOUTImE  TTDIMTtDlTllM.TYMEiLOkjr.ITjTinLEV.PMI  ,0ELT) 

T10LEV»0,0 
KOUNT  ■ 0 
TOLOiO.n 

100  co^timue 

C*LL  Trr;E(TYME,LONfi!T,TIOLFV,PHI) 

TSO«TOLD*(TIOLEV»DATUM) 

lEfTSO  ,LT.  0,0)  r.O  TO  JOO 
TPLDlTIOLEV.DlTilP 

TvpEpTvhEtOELT 

xOUMiKOUNT  ♦ 1 

lFf«OU‘JT  ,GF,  too)  GO  TO  ZOO 

GO  TO  100  - - ■ 

ZOO  C0^TI^UE 

"BITE  16.6000)  TYBE 
CALL  EXIT 
JOO  CO».TJMUE 

BE  TUBm 

C - 

6000  E0P“*T (ZX , tCANNOT  EINO  TIDE  LE^EL  A T * , Z X , E ) 0 , ? ) 

6001  E0omiT(2x,*TIDE  level  FOUND  *T  T YHE«» , F 1 0 ,Z, *T 1 5t«» , E I 0 , 2 ) 
600Z  FOOmaT(.  tide**, Flo. Z) 

6003  FOPmaTC*  SEiBCMiNG  FOB  8L*CK  TInE*/*  hEAN  SEA  LE VE L»  • . E 1 0 , » 
* ,•  TYME,  OELTi«,Znx,FIO.Z,lX)) 

E»«D 


S7 
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Listing  6.  SUBROUTINE  INITI 


8UBB0HTI>je  t»JIT|  CNH*K,MMAl(,«,PiHT,80imce,TrMEH»,C0 
♦ iIY**E.«PRT.DtTT_,N8TiNSTP,NINR0,MlN00,8,SP,  V,  VP,UillP,8E.SEP#C#M) 


OlBEMSION  S(NMAl(,►'‘**X),SP(^H*X»MMA)(),V(^M*)(.MM^llO,VP^WM*X,MM*») 

A ,UfW«AX,HMAX) lUPfNWXX.MMAX) ,8e (NBAX,»XAX) ,SEP(pwMAX,mmax) 

♦ ,C{N«AX,m*<ax),H(MMAX,mbAX) 

common  /rip  / L*TUOe.LnNGIT,HHOw,l»HOP,«INDX, Minor, year, OAV, HOUR 

♦ ,HMW,OATuM,8EInV,e,OELA,nELV»r»ELT,MOPIZX,HO»I?r,DEPMAX 
CO-MQN  /OATAt  / NMAXM,mmAXM,C0mZER,ITRC0,A6,PI,KAD8,WIN0C0,UMIN 

♦ .UMAX, VMIN, VMAX,SE«ln,SEMAX,NM,MM 

. LOGICAL  PPI  - 

peal  LOnctT.LATUOe 


1 

1 


NMAXMiNMAX 

mmaxmrHmaX  • 
CONZEPiO.9 
*.paptr0,2E»0<I 
TVmEhR*0,0 
ITRGOat 
BHO«a?,0 

»MOP»5,0_.  

CD«1 ,0E»i 
8E]nv«0,0 

AGaP.81 

TXme«0,0 

PPTa.TPUE. 

PI»i . 1«159248U  

OLTTiO.O 

NST»0 

PACSil80,0/PI 

«InOC0».0011a.0012 

nSTP»i5 

II“IN«100,  

UMAXa-100. 

VMIn«i 00, 

VMAXa.l 00, 

SEMlNaiOO. 

SEMAXa.l 00. 

NMaNINOO.l 

MMaMlNDO.t 


DO  6 Mal.MMAX 
OP  b naj.NMAX 
Sfn,M)«CONZEP 
SP(N,M)«cPnZEB 
V(M,M)af|,n 
vP(N,M)e0.0 

IJ  f n , M ) , 0 ^ 0 

UP(n.")to,0 
SF  (n,M)«n,o 
SEPfn.MOaO.O 
C(n,M)«o,0 
_ h(N,m)»0.0._ 

continue 


RETUPn 

Eno 
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Listing  7.  SUBROUTINE  TIDEIN 


SUBBOUTiNf  TI0EI<w(  vr  »B,ri*V,MOl)R.P(*T) 

C - _ 

COMMON  /rinfs/  occL,*»<ss.*»'S*<,*KGe,B*f)S,o»*E0*r,<?*'eG**<.OHee*s. 
1 DI8TM.01STS 

COMMON  /EIBSTO/  rE*Bl »04VJ ,MOilRi ,*NCLE8,*NGLPM,iNClEE 
common  /mo/  montm(12),mon'(1?) 

LOGICAL  P8T 

~c****«  initialize  tide  r.ENfPATioN  Parameters 
c 

DATA  MON  / IIH  JAN.UM  PER#  «H  MAff,  «H  APB,  MAV,  «WJI.INE 
1 , UMJULT.  an  AUG,  (IMSEPT,  OH  OCT,  OH  nov,  oh  DEC  / 

DATA  month  / Ji,2»,^j,16,M.jn,^l,it,30,Sl,JO,St  / 

PlPj.lalSBiNSO 
P*OS»I80,0/PI 
0ECL»P3. 8/pads 
PHI«UP,0/PAO8 
0ISTm»2S8B6?,0 

OISTS«92930000.0  

OEL»E»vEaB.vEAB1 
_ DAYE»j65.?«22*PELrC 

OAYES»nAYE*OAY.OAyi 

H0L/»StDAYE9«2«,0.MOPjSlAM0llB  . 

OMEOAftl ,0/2u.0«2,ft*PI 

Omegam.i ,0/2u,n/2T.i2*2.0*PI  

0“EGA8il . 0/398,20 22 /2U.0A2. DAP  I 

ANGEtHOUPSAOMFr.AE-ANGLEE 

ANGM»HOUBSAO“FGA“AANr.lE“ 

ANGSaHOUSSaOmEGASa angles 

ASGEaDEOANGCANGE ) 

AA'GStPEOANGMNGS)  _ . ...  

ANGmiPEOANG ( ANGm) 

IE(,nOT.  P«T)  beTUBn 
IYEAPayEar 
IOAyaoay 
ImouoahOuR 

YXoInruR  _ ^ ..  . . . 

*Y2«MOUR«tMOuP 
_ *“In«a,o,Da**2 

IMINlYMlN 
*Y2tIMIN 

SECYo(xMiN.YY2)Ab0,0 

ISECaSEC*  _ ....  . 

RETURN 

end 


Listing  8.  SUBROUTINE  INIAL 


♦.unBO.sl.SEP.fONVRT J 

01«ENSI0M  MMiKj.NHPCNrVOj.^iOBOf^dKOOJ 

♦ , "OBOf MiKOOl ,8E ,SEP(MM4X,MMA») .KOMVBTCKM**) 

00  «0 

DO  90  ‘••1,«*'4X 
8EPfk<,"i)iO,0 

sE(s,m«o.o  — - - — - 

98  CONTlMjf 

C - 

initialize  SIJPEACE 

C — - 

NUNat 

loo  lEINUN  ,EQ,  NINO)  60  TO  120  

N8BCHBNBO(Ni)N5/toOOnOO 

N9  NBD(NUH)/ioOOO  .NSRCMAIOo  --  

mE«  NRO(NU“)/100  -NSPCMAtOOOO  •N*100 

L»  NB0(NU,*1)  •N89CH*IOnOOOO«N*10006»NE*lOO  _ - -- 

NNlNa) 

- — - --  

DO  no  ‘'■K.L 
SEP(N,M)aSEINV 
8E (N.xiaSEtNV 

lie  CONTINUE  . 

NUHINIIM*  t 

GO  TO  100..  

120  continue 

MA*1 

110  1E(NA  .ED.  NINDP)  GO  TO  180 

NTOPaHOBO(NA)  . . 

MMiNTOP/1 oooonno 

_ NTOPiNTOP  « «“*10000000  - - . --  - 

M»NTOP/ 1 onooo 
ntop«ntop  • Mtiooooo 

NflOT*NTOP/IftOO 
nT0P»(NT0P  • NPOTAIOOOI/IO 
DP  i«o  ^■■NRnT,NTnp 

SEP(N,m)»SEINV.  _ - ....  

8E {N,M)a8EINV 
1«0  CONTINUE 

NAlNA« 1 

GO  TO  UO 
150  NA«l 

loo  1E(NA  .ED.  NINDO)  GO  TO  180 
MBIG«Noep(NA) 

NHtMPiG/ioooooon 
M9io«“RiG  • NM.toononon 
N9NPIG/1O0000 
MBlG«“BlC  • ■<•1  00000 

nL£P»kbIG/1O00  

MOIGafMBiG  • ML EF» 1 000 1 /) 0 
DO  no  ‘•»«LEP«*^»tG 
SE  fN,Mi«SElNV 
SEP(N,M)tS»lNV 
170  CONTlMiil 

NAaNA • 1 
GO  TO  160 

180  continue 

BE  TUPN 
END 
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Listing  9.  SUBROUTINE  FIND 


SUBBOUTlnF  FINn(Mlign,»Jt‘JD.MMA*,MMi)(,MI».f)0,k<tN00,W8tCT,NB0»M80»M 

♦ .xoBDfNORo.se.^loor) 

DIMENSION  nrD(nSECT) ,mhO(NSECT) ,mopO(mINOO) 

« ,nopd(ninoo) ,SE(N“*x,MH*x>,Minwv(NM*x,MM*x) 

LOGICH  START 

NMAXMiNMAX.) 

•im  » '•*MMA  x«  1 
po  1 J P1.N5ECT 
nRD( J)«0 

1 mRD(J)*0 

HlNO  ■ 1 
NiNO  a 1 

no  l Na?,NMAXM 

start  a. true.  - - — 

DO  J “B?,HHA*M 

IE(  .*^PT.  START)  r.O  TO  4 

IE (MIDRV(N,M)  ,NE,  J)  GO  TO  S 

ISEVE  a H - 

NBO(NInO)  a MatOO  ♦ nbP(NInO) 

start  a. false.  

r.O  TO  3 

4 CONTINUE  _ 

IF(MIOBy(N,MT  ,EO,  n GO  TO  5 

ISiVE?  a M.i 

NRO(MNO)  ■ M.i*  NRDfNIND)  AjODnOAN 

r,o_TP  fe  

5 cr-iTiNiif 

IE(m  ,nE.  HmafM)  go  to  5 
is*ve?  • M 

NRD(NIND)  a M ♦ NRn(NiNP)  f lOpOOaN 

6 continue 

IE(I94vEZ-I8fve  .CE.  n GO  TO  7 

nro;>1nD)  a n 
start  a .TRUE. 

GO  TO  3 

7 CONTINUE 

NiNO  a ninC  f 1 

start  a .TRUE.  . ■ - 

5 ‘ CONTTNUE 

2 continue 

DO  1 2 mb2, mmafm 
START  a, TRUE, 

no  13  Na?,NMA*H 

_ IF(  .NDT.  START)  GO  TO  )4 

IF  fMIDRv(N,Ml  ,NF,  1)  Gil  TO  13 
ISiVE  a N 

MRDTMjnoj  a NA16P  ♦ MPOfMlNO) 
start  a .false. 

GO  TO  13 

|4  continue 

ir(MIDRV(N,M,  .Eri,  1 ) GO  TO  15 
ISiVE?  a N ■ 1 

"RO(MINO)  a N»l  ♦"ROTMINO)  ♦lOpPPaM 
60  TO  IP 

15  CONTINUE 

IF(n  ,nf.  N“A*m)  go  to  13 
ISAVF?  a N 

mRO(mInC)  a N a MBOfHiND)  ♦ lOOpPFH 

16  CONTIniE 

IFdSivE?  -ISiVE  ,GF,  1)  GO  TO  l? 

“RDf-INO)  a 0 
STiBT  a .TRUE. 

GO  TO  13 
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Listing  9 (concluded) 


IT  continue  --  — - - -- 

HiNO  ■ NjnO  *1 
START  ■ .TRUE. 

M CONTINUE 
12  CONTINUE 

MiHa  I 

100  l»(NU“.EQ.NlNt>)  CO  TO  300  

N bnHO(NUh)/| 0000 

ME  »NB0(NUM)/100  ■ M*100 

L ■nHD(NUH1,n*I0O00  -MEtlOO 

mFUEE»hE,i 
LRIC  ■ Lft 

200  IE (Nt.EO.MINOO)  GO  TO  210 
NR^MOnOIN*) 

H1»MR/I0000000 
HRaMR,Mi«ioOOOOOO 
MaMB/1 00000 

MRaMR.M*  1 oonon  

N0OT»“R/1 000 

M«tMH.NPOT*1000 

NT0P»“R/I0 

MPaMB,KjTOP»10 

N«EBNaM8 

lEttt^.CE.NROTl.iNO.CN.Lt.NTOPlj.ANO.IHfLCE.EO.M))  NBO(NUM)« 

I nRO (NUM)  * t OOQOOOO 

IE(f (n.GE.n80T)',AND.(N.LE.NT0P)i.*n0,(LRI5.EO.H))  N80(NUM)b 

INMDfNiiM)  t 1000000 
N t aNi * I 
GO  TO  200 
_210  nuh  a HUM  ♦! 

CO  TO  100 
300  Cf”^TINuE 
NUMa  I 

101  IE  (NI.iM.E0.HlN0)  GO  TO  SOI 

H ■HBO(NUH)/10flOO 

NE  ■Heo(NU“)/ioo  *M»ioo 

L aHPn(NUH)  .Maioooo  aNEaieo 

nEPOT  aNE.l 

LTOP  at  ♦) 

NA  al 

2ot  ieina.fo.nindo)  go  to  an 
nB*N0P0(n») 

Ni «NP/t  oonoooo 

NBaNB.Nl *1 OOOOOOO 
niNB/1 00000 
NBaNB.N* 100000 
HLEE»wp/l0O0 
NBaNp.MLEE*! 000 
MPlGaNB/lo 

NBaNB.MRlG«l 0 

HBERNaNB 

IE(M.nE.MLEE.AN0.N.UE.HBIG.AN0,NE9nT,€0.N)  mB0(NUN)»  hBO(NUH) 
1 ♦ lOOOOOOO 

IF(M.CE.HUE.ANn.H.LE,HRlG,ANo.LTr)P,EQ,N)  MP0(NUH)«  mBO(NUM) 
1 ♦ lOflOOOO 

_ N<aNt*l  _ - 

GO  TO  201 
2ll  NUH  aNUH  ♦! 

r.0  TC  101 
301  continue 
return 

20  EPHMiTdMi  ,3i(,lHNUH.6*,3BNeo.T*,3HMBD) 

21  EOBHATflM  ,2A.I«,2)r.I9,ll(,I9) 

END 


42 
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r.istip.K  10.  SirUKOLTINE  IH'DROl 


809»miTisr  Hroeoi  (sr,Sfp,M,iip,v,vp,Ci«,FPS,8,8P,»'*p,or«‘* 

♦ i<<ZEB,«l?''P,TP»CE».».H»'O‘Ji0NOV.O8MOU,Ofl‘<Ov,TI«Dl.K,Tl‘‘OL'^. TIDES 

♦ ,TITL,nmi'yT,LeC3TA,xnL*.‘'CL* 

♦ ,«•<«»,  vkaKjMCABD.mI  woo, •jl<.'0n,»jSec^»BSTAT,>«TPlC.l.E*J|(EN2) 

c 

IWTIGFB  TITL 

Dl“EwSirw  OUGLfHO).  DIAG(UO).  DIACuniO),  PoSdlO) 

c 

c 

DIMfwsiow  EPS(wM^^,MH»,),oI*H(2flO),^.ZF»(^nn),«^rBPf^on) 

♦.VPfWHiy.MMtJjjUtN-AX.MMAXJ.UPCwxAyjWxAyi.CfWXAKiWMAAJ 

♦ f W(  w«A*  , , SOlwx**  ) . TB*CEP  f 200|  31  

♦ , *.*P  fW>«»  »,■“*«  1 

SEAL  L0wG1T,LATUCE,“SI. 

c 

logical  POT,TAPEI‘'.T*PE0Ui»»TCLS.Of STOT.OPwuP.OPwlOh 

« ,PfcOT,-ETei»,0OFIwn,TEL.*'E*P*T 
♦ .TESTIwG 

nlPfwSIOW  «nsvPT(WH*X),NM(WMA»),TITL(1?l 

♦ ,nhp(wsect),  “roc'SECTi,  «o0O(>*i*<r'O) . NnsDfwiwoo) 

♦ ,LOCSTA(WSTAT),I«EwT(LEW?),Hl*ewOfW*'A*,M>*A»),«lP«V(WMA»,M«A»> 

♦ fS(WRAX,M>'AXJ,SP(w“A>,«“A»l,RW(nl{“lWD0l,R>>'0VfSl>‘Or)) 

♦ , ORwOut R twDOl , ORwnv ( N t woo  ) 

♦ iTIPnLi't*'I'yDO)iTlPOLV(Wl‘‘Dn),  riPCStlfcO),“DLA(RlwDO),SDLA(NIN001 

c 

Cf'*'''OW  /eilES/  IWEUI 

CCMROW  /DATA)  / WPAXR,*<«A«M, cOwlEP, ITHCn, AG, PI ,RAOS,«IWDCn,U“IW 

♦ ,1.iRA*,V“IW,V**A«,5ERIw,5E“A«,Wm,mm 

CORROW  / 019  / LATi|nE,Ln^t;iE,ORO*.O“0P,*ilN0»,«IwDy,yEAB,UAV,MQUO 

♦ ,RH-,nATU**,SEIwv.G,OEL«, pel''. CELT. RC“ll>.RrPIlT,DfPRA* 
COMMOw  / I«  / M4X8T  ,W1 , Twi  E ’ . IJoijRP 

COMMOW  /logic  / TapeIW, TAPEnu.BP^CLS.BtSTRT.PooT.-E^EP 

♦ ,Kf»P0T 

CQRRCW  /TIDES  / Tlini 
C 

CQRROW  / RWO«V  / ULAR,VL*‘*.TI''Ra» 

c 

COMMON  /PAOAM/  UjjM,uU®.'llJ»lllMj,tjIPJ,Vl,l,VlJP,yIJ“.VV  .VIPJ 

♦ ,VIMJM,VlMJP,UlMJM,|JjPJ-,CIJ.rTJP.CTP  I.MIJ.MI  JP.-tJM.  - J 

♦ ,MIMJ,MtMJP,WJMjM,HlP.JM,HtPjP,.,5(  IPJjUSrjMJ.HSf  I JP,»S!  11“ 

♦ ,*STBES,VST0ES,SEIJ,SEIJm,SEI.IP,SEI"J,SEIP  ' 

♦ ,CI“J,CIJM 


DATA  EnTBv  and  setup  OE  myDoo  ppogoam 


GnEIwop.PALSE.. 
“O'jBDPSfeOO , 0 
T I“E INpMOuMO 
GP9.RI 

TESTINGp.PaLSE, 

UPIGpSO.O 

v«iGp0n,p 
8E«IGp50,0 
CEPTOl to, OS 
■CUNT  SiO 
kOuntrpO 
ULA“tl,9 
VI AM«t ,0 
TIP“A«ti.o 


CIOOO  I I Cl  O O ' CIOCJ 


Listing  10  (continued) 


C»LL  INIT  J SOURCE  »TYMEmr,  CO 

♦ ,TVME,PRT,0LTT,N8T,NSTP,NlN00,HjND0,S,8P,V,VP,U,UP,8r,8EPiC»M) 
KPUNT2«ft 

IPC.SOT,  TAPEIM  GO  TO  1 
RE*0(?,80nT)  PEGlN.risiSH 

• ••••  IF(  BEGIM  ,L,T,  0,0)  them  PEGlw  *T  E»J0  OP  Tape 

IFtPlNISM  ,LT,  0.0)  THEN  READ  MA*8T  AND  MOUT  TO  CONTROL  EXIT  — 

REAO(R)  TTTL 
CALL  OaTARO 

PEAO(R)  “OBD, OBNOU, TIROL X,N0flO,08N0V»TI>40LY 
R£A0(R)T 

IP(R»0T)  GO  TO  J3«P  _ - - 

IF(PBTCL8  ,AN0,  .not,  RE8TRT)  Go  To  500 
BP*0(5,500^)  RAYST.MOUT 
PfAOf5,50n7)  OFLT,»TNnx,»INOY 
REA0(5,5007)  source 
PEAO(5,5no?)  IJOU“P 

ReAO(5, soon  fPOBOfMj.OBAJOlJfMj.TIRDLXt.Ml.Rpl.HH)  _ 

REAO(5,500n  (NOBO(M) ,obnOV(R) ,TIM0LY(M) 

call  TAP0AT(NMAX,RMAX,TYME*BC0lN|SEP,UP,VP,H,C»ePS,N8TP) 

IP{  .NOT,  NEPPRT)  GO  TO  3J«I 

•*«**  NErPRTp.T,  input  new  particle  INFORMATION 

ITRGOPJ* 

GO  TO  505 
SSaj  continue 
ITRGOPl 

DP  JIJ6  Nij.NMAX 

DO  5SJ5  Mil  (UMAX  ■ _ 

8E (N,m>,sEP(n,mi 
VfN,“)PVPtN,M) 

U(N,m),||P(N,M1 

JJJ5  CONTINUE 

SJJ6  continue 

*••••  INPUT  tracer  data  ano  all  HAX/MIn 

REAO(R)  U“A<,Uf<IN,V“Air,VMIN,8FMAY.SEMTN 

IF(NEwpRT)  go  Tn  JJ/J2 
READ(9)  NTRAC, tracer 
Jj«2  continue 

c 

c a Pbntr__pr1nt  contents  OF  MAGNETIC  RESTART  TAPE  

C 

IF(PROT)  CALL  PRNTRfFlNlSH, BEGIN, TYME.NST.mMAX 
« ,NM>lt,XONVBT,SEP,  VP,UP,M,C,EPSt 
C 

PWlPLATUDE/RAOS 

_ GP  TO  J3a0  _ . _ - - 

1 CONTINUE 
C 

C*A**A  INPUT  SITE  OFSCRIPTOfiS 
C 

»EaD(InFILE,500«>)  (TITL(J),Jp1»1E) 

RfAOf infile, 50071  LATUOE,LOnGIT, YEAR, DAY, HOUR  ..  . 

READ(TNFILE,500T)  DFLX,DELY,0ELT,wInDX,wINOY 
»EAO(InF1LE,500T)  hww, datum, source 
REaP(Tnfil£,500?)  “axST,ni, inlet, rjOU“P,vOUT 
RFaP(InfilE,5001)  fMORO(M) ,OBn0u(Mi ,TImolX(M),m«i ,wm) 
REaO(InFuE,500))  (nOBD(N) ,0Bn0v(N) ,TImolY(N) ,NtJ ,nm) 

_ xCUNTltO 

IF(METER)  CO  TO  6 


■11 
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Listing  10  (continued) 


CONVERT  fCET  TO  METERS 
C 

0*TUM»0*TUM*0, J0««  , 

nEUi»OEl.x».10««  . i 

r)ELViOFLT*,JO««  i 

MM»I«M*4|«*0  , J0R9  ! 

Jiao  continue  j 

if(heteR)  go  to  10  j 

nInO«»«Ino*«0.30U8  ! 

KlNOT««.lNOy«o.3ea9 _ ! 

1E(m1N00  .UT,  J)  60  TO  3 ^ 

00  2 

8Nnu(M)R0RN0U(R) 

QRNDU(M J»ORNOU(M)*.30a«*. JO«R*,3O«0 

2 CONTINUE 

3  CONTINUE  „ 

1E(NInOO  ,LT,  3)  GO  TO  5 
00  tt  N« 1 , NM 

HN0V(N)»QHN0V(N)  I 

noNOv(N)»QRNOv(N)«,30u8«,joaR*,30a8 
0 CONTINUE 

5 _ CONTINUE 

IF(T»PEIN1  GO  TO  1ft 

6 continue 

c 

00  7 N«l,NMAX 

DO  7 Mil ,mm»* 

_ EPSfN.wi.i.o 

7 CONTINUE 

c 
c 

INITMLI2E  TIDE  GENERATOR 
C 

TYNEaMOUR 
PNm,ATU0E/RAO8 

C*l.L  RESET  

C*LL  TtOE  IN(vfaR,OAV,mouR.P»T1 
PLT  ■ OELT/3fcOO.O 

call  TIOINT(OATUN,TyHEMR,LONGlT,TlDL£w»PHl,OLT) 

C 

c ■ DEPTH 

C-_ 

CALL  OEPTH(NMAX,HMA»,H,nATUN,M£TER,DEPHAX, INEILE) 

c 

to  continue 

XH»HNA  X»2 
VNaNMAX«2 

MORIZXtOELXAXM  - 

HORIZYaOELTATN 

C 

c«  drycel 
c 

CALL  ORYCEL (8E,H,HI0RY,NHAx,mh4»,60FIn0) 


SURVELalGAOEPHAXlAAft.S 
COURN T»DELT*SURVEL/0ELX 
OELTOviOFL  »/SURVEL*0 tPft 
oeltsrdelt 

SCALE TiOELT/OELTOK*! ,5 

D»T»D£l*  - - . . 

OYT«DElY 

IPISCalET  ,LT.  1.01  SCALETri.O 

SOURCE R80UMCE /OX T/OYT 


■15 


L. 


5-142 


I 


Listing  10  (continueJ) 


C • 

C 

C*LL  M»<Dt*<INr>,MIND,MM**,»jM*)(,MiNOO,NtNOO,M8ECT,NBO,«BO,M,MORO 

♦ .nOBO.SEP.xidRV) 

c 

IE(T*PEIN)  CO  TO  U 
C 

_C  • 

C 

C*LL  I‘<I*L(^'**X,MM**,NINO,MINOO,Nl‘iOO,SSINViC,H,Nao,MOBO 

♦ i‘'OflO,S£,S£P,XPWV»n 

c 

U continue 

_ lEI.NOT,  T4PE0U)  GO  TO  12 
“PITf f lOITITU 
-BlTEdl)  TITL 
"«ITE(121  TTTl 
C 

C ■ 0»T*wT 
C . 

C*U  OATi»iT 
C 

*«I  TE  ( 1 0 )«tiB0,iJMN0u,  TIMOLX.NnRn.nSnOV,  T IMOLV 
••PnEMO)  T 

12  continue 

c _ 

EE«PI»SlN(PHn/2I60  0,/8C»LET 

C _ _ 

00  8 

F(H)bFP 

* continue 

c 

MlNOawIN0y**2«»flNDVAA2 

IPI-INO  ,LT,  1.0E»J0)'nND»l.0E»80  - - 

*>INO«SO»T  ( wiNOI 
TAutbwINOCOai.iINOXA'^TNO 
TAuy*»INOrOA«lNOY*wINO 
«8T9ES*Tau« 

VSTBESbTAUY 

C a PPNT 
C 

CALL  PPNT (NMAy,MM4y,NCAR0,MtN00,NlNr>0,N8ECT,N8T4T,NTR4C 

♦ ,Lf  n,LEN2,M, INLET, UOUMP.NOBO 

♦ ,NnB0,TITL,H,NH,C,N4*8T,8N0'l,8NDV) 

C 

OELYaOELFASCALET 

0ELYa0ELY*3C4LET 

TIONA*aTION4Y«8C4LET 

aTbOflT 

ALaOEl Y 

C1«4Ta4G/4L --  - 

C214T/AL 
C3a4T/B,0 
CUB4,nt4T*4C 
IF(T4PtlNi  GO  TO  la 
IF(P»TrL8)  GO  TO  508 

13  COnti».uE  _ 

C 

Ct  CnEIY 

c 

C*Ll.  CNEZY(NMiy,HM4y,C,N) 

C 

la  COntPuE 
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Listing  to  (continued) 


C*Ll 

IP«0 

ISTfP«2 

IP(T*P£Ik<JNSTP«TYH£/DEtT 

PtMI^■OEl.T/60.0 

NIIM  ■ I 

TIHOM*  ■ 0,0 


00  20 

IFfTIwRM*  TTM0l,*(*<)>  TIm()M*»TimC)LK(M) 

20  CtU^TlNUt 

C 

nr  to  N» t , M“ 

If(TlH0*>x  ,lT,  TIMOLXCw))  TI«0‘<x»Tihol'<(»') 
JO  cominue 

NIJMTJO  SIVE8  P4XIMUM  0CL*V  nEc£SS*«V 


_ NUMTlD«U“Of<)L/OLMlN*l 
00  <10 

MDPTlMOLX(M)/DLMtN 
MCI  * 

«o  continue 

c 

DO  50  N»1  ,NM  - - ..  

N0«T1m0UV(N)/DLmTN 
NCL*(N)«ND«1 
50  CP^iTlMUE 

00  55  in  (NllMTlO 

TlOEStlJiSEINV 

55  COMiMiJf 

PETUPN  -- 

C 



C 

c simulation  portion  of  hydro  Calculation  

c 

£••*•••  — •****A  — »**AA*»>«>A*A*A>-o»***AA>«  — 

c 

£NTPY  NY0R02  - _ 

C 

..  COMPUTE  UP  , AND  SEP  ON  -ROW  N. -FIRST  HALF  TIM8TP. 

C 

86  ISTEPPl 
C 

£••«*•  calculate  velocity  at  land  boundary  based  on  

C FLOM  volume  and  distance  FROM  OCEAN  INLET 

call  UELHNnfM0RD,MiN00,PNDU,(3PNnU,H,SF,NMAx,MMAX,0xT) 

CALL  vELPNO(NOBO,NINOO,BNOV,QBNr)V,H.SE,NMAX,MMAX,OYT) 

NST  «NST  *1 
K»i»NST»l 

IFfFlNtSM  ,6T.  O.ft)  on  TO  89 

IF(NST  ,GT.  MAXSTl  DO  TO  997.  ...  

GO  TO  90 
69  continue 

IF(TymE  ,f,T,  FINISmI  r,n  to  99T 
9o  CONTINUE 
ATaOELT 

IV-EaTYMEtAT  _ 

c 

C«aa»a  OLI  is  time-step  IN  mQuRS 
C OT-IN  is  TIMf.sTfP  IN  HiN, 

c 

OLTAAT/J60O.0 

PTMIN  A at/60. 0 
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Listing  10  (continued) 


C*LL  BN0OY(BE,NM*x,MM**,HlN0n,KTM1Oi*<08n,'^nfir),  IKLET.K.OLT.LONGIT 
* ,pHI,n*Tu*‘.«*TLEV,TrH(|:Mw,ii,v,«»jtni,"Mr)v,nFux,nFLV) 

C 

6T82  F0B*<it(*  w»TLEV»*,E1?.5  ) 

c sHrETor')  Tins 8 

c 

no  91  X « Z.UUHTIO 
KM  ■ X . 1 

TtOESfKH)  • TfOESCK) 

_ COMTIMUE  - 

TIOES(MUMTI01  ■ MiTLfV 
mFTLEV«k* TLEV*SC*LET 
C 

SET  BOUMD*Rv  COMOITIOMS 
C 

C»LL  u9M0(SE,U.V,NM*x,MMfcX,nQfl0,HlN00,BN0U, TIDES. NUMTIO, MOL*) 

C 

u *M0  ET*  AT  Mfl/? 

C 

9fc  NUH  ■! 

call  IE»Of  N**AX,MMix,UP) 

__  CALL  lEOOfMMAx.MMAx.SEP)  

loo  IF  {MUMjEn.^JlNO)  CO  TO  |90 
nSBCm  tMRO(MgM)/lOoooOO 
M •Mfin  f NLJM) /t  0000  • MSBCmkIOO 

mf  ■►.Rn(MUM)/ioo  •MsocH*ioooo  • ^*100 
L ■MBn(MUM)  > NS«CM*t 000000  • N*10000  •mFkIOO 

MFF  «mf.J ..  ^ ...  . 

NNNaNtl 

NM  ■ M •!  _ 

IT«1 

C 

N8fiCM»l  THEM  OPEN  BOUNDARY  RlfiHT  OB  BOTTOM 

C _ nsbcm«10  Then  OPEN  BQUNDAPT  LEFT  OR  TOP  

C NSRCMllI  BOTH  10  AND  1 

C 

OPNuPt.FALSE, 

0PNL0«i.F»lSE, 

JFIRSTfMF 

jIast.l.  _ 

IF(nsbch  ,E0,  10  ,OR,  N8RCH  ,EQ,  ID  OPNLOW9.TPUE , 

IF(NSbch  ,E0,  1 .OR.  nS»Ch  ,EQ.  id  OPnuPp.TRUE, 

IFfOPNUP)  JLASTiJLAST*! 

1«N 
KP«  1 

JkJFIRSJ  _ _ - _ 

C 

C*K***  WORK  CN  LINE  I For  JtJFlRST  TO  JLAST 
C 

59  continue 
c 

C9_SETV*R  _ 

C 

tP«I*l 

IMPl-l 

JPlJ*l 

SETJPSEd.J) 

. SEIJPiSEU.JU 

8EIJMP8E (I, JM) 

SEIPJpSE  f ip, J) 

Sf  ImJpSEDm.J) 


Listing  10  (continued) 


IJI  J»U(  I,  JM) 

UJ JHiUt 1, J*2)  - - - . 

UI JP«U( I . J5 
UI»-Jiunx,  JK) 

UIPJ»UfIP, JH) 
vijivn.j) 

JM) 

VIKJPVd-.Jl  

VI«JKlV( IH, JM) 

C - 

MI J«H( I , J) 

WIMJ.MdM,  J) 

HIMJMlHC IM, JMJ_  - 

c 

ClJiCd.JMJ  „ _ 

cijppcd.j) 

c 

H8E  IJM»(MI Jm*h1hjm«8EI JM*SEl,n*0.5 

MSEIJP«(HIJtHIMj+8ElJ+SEIJP)»0.5  

MSf IMJ*SEI J)*0,5 
M3EIPJ«(MIJ»HIJM»SEIJ+SEtPJ)*Q.5 
C 

c 

BKiOLOw^fljO 

BNOUPtO.O  - 

CPEEJi-C? 

. CCEF«»C2 

COEPlt.CI 

C0EP2»C1 

USOiUI  J«ill  J 

*8T0ES*T*UX  . 

C 

IP(J  ,EP.  JPIPSn  GO  TO  «|0 
IE  ( J ,ECi.  Jl  *ST^  GO  TO  70 
GO  TO  «)1 
60  COMTI^JliE 

C 

FIRST  CELL  CHECK  FOB  OPEN  BOUnOERV 

C - 

lEC.^OT,  OP»/lO»)  GO  TO  7S 
C 

C*»»*«  OPEN  Ln«.EP  «ound»RV 
C 

BNCH.  0»»»C  1 *SE  IJM 
COEF ItO.P 
UIJHPUT J 
VIJHto.O 
VI«JHin,0 
61.  CONTiNIJt 

CELL  SETBNxiNHAx.MMix, I» Jf MlORT.V) 

C 

6«  CONTlNI'E 

0* JP«0 , 0 

_ MS£IJ«*(HlJ^.»HlHJMfSC7J+S£ljH)*0.S 

vlJ2«0.2S»(vrj»vIMj»vrJM*VTM,(«) 

C0BI»»E(J)»VIJ2 
vsOpVI J2«vt j? 

Livr(USQ»VSO)«*0.S 
CSQ*0,25MCI  J*CIJP)*»2 

IFrHSElJH  ,LT.  OEPTOL)  GO  TO  60  . 

liPTnP»»G*UI  J*uv 
LiNpEBiuSE  I jm»c80 
R*  JPrijPTOP/iiNOER 
FxJPPirS’RES/MSEIJM 
GO  TO  *0 

To continue  _ ..  


10 
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Listinti  10  (c<Jiit inued) 


C 

c 

c 

c 


T5 

c 

c 


I 


T6 

c 

c»« 

c 


BO  -- 
C 

c 


L*9T  CELL  CHECK  FOR  QREN  bOijNDaRY 
IFl.^-OT.  OPMJP)  GO  TO  76 

OPEN  uPPFR  . . ..  

«5’RES«0.0 
COEFPtO.O 
9EtJP»9EIJ 
SE I JPiSE  I J 

H8E IJP»(HIJfHIHJt8EIJP*8EIJ)*0.9 

flNOuPiDEL  T«mSE1 JP*dl JP/DELK 

VI JiO.n 

VIHJtO.O 

OC  TO  61 

CONTINUE 

SOLID  SOUTH  boundary 
PNOUOwiO , 0 

RHsn  )»o.o 
01  *Gu  ( n»n  .ft 

01 *GL (1 )*ft,ft 

01  »G(  n»i  .ft 

UlJ»0,ft 

VIJHI.VIJ 

V I “ JH J.V 1 MJ 

SElJHiSEIJ 

HSF  1JM»(HI  ji-  + MlM.TM«sFt  jm*SeI,1)«0,5 

UlJ“i-UlJP 

r,C  TO  61 

CONTI NUE 

solid  north  BOiiUOiRv 
OIJpO.O 

VUibVIJh 

VIhji.vimjm 

UIJPP»U1JH 

SEIJPpSEIJ 

hsei  jPi(Hrj*MiHj«seij«9£ijp).o,K 
CO  TO  61  \ 

continue  - 

UPSTRE*“  convection  CALCULATTON 

Uup»(uIJPaUIJ)*0.5 
u« JPPUl J 

IFIUUP  ,LT'.  0,01  UYJPIUIJP 
UUH»fUIJ  ♦ UIJH)*0,S 
UXJHiUIJ 

IFfUUM  ,GT.  0,0)  UYJHlUIJM 

DuuoxtfUUPBUXjp-nuHBUYJMi/oELX 
VUP»(VIJ6VIJH)*0.S 
VUHi(Vl“JfVIHJH)*0,5 
UTJP«UI J 

lEtVUP  ,LT.  O.OlUYJPiUtPJ 
UTJHAUIJ 

IFfVUH  ,GT,  O.OJUVJHiUIHJ 
OUVOY*  f VUP*UTJP-VUH«UVJM) /bely 
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Listing  10  (continued) 


lOIRiiJ 

C 

C*LL  DIFFUStN“AX,K‘*4X,J ,J,DELX,DELv,tPS,U,V,0*JP.IOI«)  

X01Ii«T«kP*J 

01»6L(<OUNn«COEXl«M8EIJ« 

Ol*r,(xnnNn»i  ,o 
OUGU(*OU»oT ) •C0EFa»H3EIJP 

ZET*»3EIJ.C?*(VlJ*HSEtPJ-V!Mj*HSElMj) 

9H8(KnijsT)«ZET*.P'-DuP  _ - 

e?  COMImuE 

JKJ  .EG.  JF1P8T  .*M5.  .»JOT,  0PnL0«O  GO  TO  86 
OIiGL(xP)«COEEl 
OI»G(-<P)«l  .0 
• 0I*CU(»P)«C0EE2 

7ETAiiT»(C0PIx»PXjP*rx IP*0XJP«0UU0X»DUVDY)  - - 

RHS(XP)»UIJ*ZET».nNOLOw 

CO  TO  87  _ 

86  ■ • COk.TIkjuE 

0I*GL («P)P0.0 
01  *CU<xP1»0.9 

DlAC(<9)*r.O 

RNS(KP)io,<r 

87 

KPjKOUNT  * 1 

c 

CSECK  POP  MOPE  CELLS 

C , - 

IE(J  .EO,  JL*ST)  on  TO  P9 

„ _ ..  J6J*1  , - . 

CO  TO  8P 
99  COMTIxUt 

C 

C P T01*C 
C 

CELL  TPI»5(0I»GLiPUG,0I*CU,«H5,K0i)NT  J ..  

C 

x?*l  _ 

JLPJLEST 

oo  101  JPJEIRST.JL  

JPjM+1  

TEMPiOUGfK?) 

1E(TEmp  .ct,  U9IG)  TIMP.USIO  

1E(TEMP  .LT.  .U8IG)  TEMPP.UPIO 

UP(I.JM)6TEmP  

_ TE-PpOMOlFZl  - 

IE(T£MP  .GT.  9E9JG)  TEMPB.^fBjC 

IE(TEmp  ,lt.  -9C8IC)  TE-Pi-SEPIG  

SEP(IiJ)»TEMP 

x2«x?h 

101  CONTINUE 

NIlM  ■ NU“  ♦ 1 

GO  TO  100 
190  continue 

C _ 

C a pnDPt 

^ CELL  U0NO(SEP,uP.V,NM«X.HMA)r,MO8O,MrNo6,RNOU,TlOE8,NUHTlO.MOL*) 
C 

JEl.NOT.  TESTING)  CO  To  ?05 


51 
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Listing  10  (continued) 


i 

i 

t, 

i 

I 


I 

i 

f 


C*LL  exTno(Ni*y,HMAir,HioHV»SEP|iiP,V) 

C 

C 

20J  continue 
C ■ ooycel 

^ C*LL  0»VCEL(8EP,H,MlOBy,NM*x,MM*x.GOXTND) 

C COMPUTE  vP  ON  COM'.I^N  N fFTBST  HALF  Tl''FSTEP) 

c 

NU*<«J 

CFLC  ?E®Of N-l X, WXAX , VP ) 
io\  !F(NU“  ,EQ,  HIND)  r.n  TO  2T0 
hSBCh  ■►•HO(NUH)/l00n000 
K «“H0  ( niim  ) / 1 000  ft  «HSgcH»Jnft 

nF  ■HPO(NnH) /lOO  -“SRCM*lftO0O  -H*lftft 

L AHROCNgM)  .“SPCH« JftOOftOO«H»lftOftO  • NFaIOO 

J«M 

IF 1«8T»NF.\ 

ILFSTiU 

00  260  iPlFtPST, TL*8T 
C 

C«  SETVAP 
C 

C*LL  SETVAPrNMAX,MHAX,iiP,V,SE,C.H,  I, J) 

C — 

IFU  ,E0.  IFI»9n  GO  TO  2t0 
IFtI  ,EQ.  ILiST)  CO  TD  220 
CO  TO  250 


C 

C***A* 

c 

205 


C 

C»*F*» 

c 


c 

c 


c 

206 


CELL  calculation 
CONTINUE 

VVP«fVI  JtVTPJ)#0'.5 
VYH»f VrJ»VIHJ)A0,5 
UVP«{UIJfUIPJ)*0,5 
UVHlIUI  JN*IIIPJHl*0,5 

VYIPFVIJ  

IF(VVP  ,LT,  0,0)  VYIP6VIPJ 
VYI«*VI J 

IFfVYx  ,5T.  0,0)  VYIHbVIHJ 
VXIPPVI  J 

IFtuVP  ,LT,  0,0)  VXIPbVIJP 

V«I“«V1J  . . 

IF(UV»  ,CT.  0.0)  VXIHfVIJM 
OVVDYf(VVP*VYIP«VVHaVYIH)/OElY 

0UV0Xi(UVPAWXIP.UVH*VX1M)/f)E|* 

UIJ2«(UIJ*UIPJauIPJHaUIJ“)a0.25 

HJEIJP  MUST  flE  CLOSE  TO  ZERO 

USOfUI J2»UIJ2 
VSGfVI J«VIJ 
UVt(U90*VSO)A#0,5 

csn«f (cipj*ciJ)**2)/«,o 

UNOERimSEIPJ*C80a2.0 

UPTOPiAG*UV 

BV1P60.0 

FYIPfO.O 

IFIhSEIPJ  ,LE.  OFPTOL)  CO  TO  250 

byip»uptop/unoEp 

fyipfta(/y/m<|FIPj 

CONTINUE 
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Listint;  10  (continuetl) 


C0BIV«F(  J)*ljIJ2 
C 

TO  HE  lOOEO  HtBE  OyJP 

c 

C»LL  niFHJS(».M/iY,»'M4i(,i,j,r'FL»,rifLv.EPS,iiP,v,nvii*,ioi‘») 
r>SEOT»*r,/r;ELT»(SElPJ.SEIJ) 

BHSt«vlJ**T»(PViP*FviP«C0«!T.DVv0Y«niivi3*»vTJ»w»IP-08E0V) 

0|NO“*J.O  _ - - . 

C 

C 

VP  C*LCU14TI0N 

c 

TEpPpPmSv/DEnoh 

,_IP(TE“P  ,r.T,  V«lr,)  TE«P»VSIG 

1F(TF-P  ,LT,  -VHT';)  TF“P«-VHIG 
VP(  I.JluTfMp 

GO  TO  ?S0 

c 


?10  CCKTINUE 

c 

C*****FIRST  CELL,  CHEC*  FOP  OPE»<  BOU‘iD»PV 


C 

IF(m3bcm  ,lt.  10)  on  TO  2i0 

CI“J»C1J 

VIPJPVIJ 

U 1 J ■ 0 . 0 

Ul  J>-PO.fl 
GO  TO  230 


220  CO*»TT>JUE 

C 

L*ST  CELL,  CHECK  FOP  OPEN  Bouno*Rv 


irfMjocN  1 ‘.ANO.  MSPCH  >E,  in  GO  to  250 

CIPJPCIJ 

VIPJPVI J 
UIPJ»0,0 
UlPJ**»0,0 

„ SEIPJ»5EIJ 
GO  TO  250 


210  continue 

C 

c*«***  IS  SOjTm  cell  Oov 


c 

IE  (HioPrd.j.ij  ,NE.  2)  GO  TO  235 

sFijH.seij 
HSF  tJHiO  .0 
Vl J“»«vT J 
CIJHKCIJ 


235  CONTINUE 

..c 

C»»»»«  IS  NOPTM  CELL  OPV 


c 

IFfMlOPY(I,J»n  ,NE,  2)  GO  Tn  23T 
SETJPpSEIJ 

hSEIJP»(hIJ*hImj4SeiJy8EIJP)«0,5 


Vl.IPF.Vl  J 

CIJPsCTJ 

23’ 

CONTI NHf 

GO  TO  205 

250 

CONTINUE 

260 

continue 

NU“  ■ M " *1 
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Lis  tint;  10  (continued) 


GO  TO  ?0i 

*70  C0NlI*-ut  

C 

c 

C ■ 8M7FT 
C 

C*LU  8NlFT(N«iii,MM*)t,U,V,Se,UP>V»t8lPl 

C . — 

T»“E»TY>*€  *DfLT 

C 

C • BnD»y 

c 

CiLL  BM0RY(8E,M“**,MM*x,MiNn0,NIN00|M08r),N080, InlETiK.OLT.LONGIT 
_ ♦ , PHI, D*T'J“,<(*TLCV,TYHEHR,U,V.B<jDU,BMDV, del*. BELT) 

c 

K*TLEV««iiTLEv*SC*LET 

C»LL  V8ND(8E,U,V,HM4*,MH**,N0Bl).MM00,Hk(0V,TI0E8,NUMT!0,NDL*) 
K»2«^8T 
C 

C COMPUTE  VP  AND  SEP  ON  COLUMN  M ( SECOND  HALE  TIMESTEP  ) 

C 

AUM«  1 

CALL  ZEPO(NMi»,MMAY,SEP) 
call  ZE»0(NMax,mmax,VP  ) 

Soi  IPfNUM.EO.MjND)  CO  TO  190 

mJRCh  i«90CNU,M)/1000000  

M ■“RO(NUM)/ionoo  .M8PCM*ino 

NT  *MBO(N|JMt/lOO  •M8PCH»lnOOO  ■H*100 

L ■XBOfNUMj  .M8PCH*ln00o00»M*l0000  • NE«100 

C 

NSPC«91  T«£N  OPEN  BOUNDAPT  RiCMT  OR  BOTTOM  --  - 

NSRCh«10  Then  OPEN  BOUNOARY  LEET  or  top 
C*«*»»  NSBCH»u  Both  lo  and  j 
C 

CA**«*  first  solve  eor  vp  and  sep  implicitly 

C 

OPNUPi. false. 

OPnlO»-».Eai  8E, 

IF(msocm  ,E0,  10  ,0R,  msRCM  .ELI'  ID  OPnlOhp  . TRUE , 

IE(“SRCN  .EO,  1 ,0B,  M9RCM  ,E0.  JD  OPm|)Pp  , TRUE , 

lEIRSTpNE 
ILAST.l 
J»« 

KPs| 

IPIEIRST 

TF(OPNIJP)  IL*8T«TLA9TAt 
C 

C**A*A  WORK  ON  line  J for  I«IFIR8T  to  ILAST 

c 

159  continue 
C 

C»  8FTVAR 

c 

IPPlAt 

l“«I-l 

JMPJ.I 

JP»J*1„ 

c 

SEIJaSEd,  J) 

8EIJP«8En,  JP) 

SEIJ“*8£n,  J“) 

SEIPJiSEOP.J) 

SFI“.)»$E  (I“,  J) _ 
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Listing  10  (continued) 


viHj.v ( 1.3, j) 

VIPJ«V(T.J) 

VI  JM) 

VlJP»VfI-,JP) 

uiJtun.J) 

ui-jiud",  Ji  ... 

uj  1 , jM) 

c 



MIJMtMfl , JMJ 

HIMJiHdH,  J)  . _ 

mIvjm*h( 1m, jm) 

c 

ciJ«CdH,j) 

cipj«cd,j)  

c 

HJE  I t)*0,5 

HSf  tJPi(Mrj*Ht«j*set>i*8crJP)#o,5 

«sf 

mSEIPJ»(mij«hIJm«SE I.N8EIPJ)*0,5 
c ~ 

B^OtOhiO , 0 
BNDijPpn , 0 
C0EE1»-C1 
CCEP3aCl 

COEE3t.C3_  

CnEP<l»C3 

_ VSC»VU»VJJ  

VSTPf  SaTitiy 

c 

c 

tPd  ,E0.  lEIBSn  60  TO  180  

If  d ,ER,  IL*8T)  CO  TO  170 
GO  TO  161 

160  COnTImiE 

c 

c****.  flRST  CELL  CHFC<  POP  OPEN  BnUNOiPV 
C 

If(,NriT,  OPNLn.)  GH  TO  ITS 
VI“JivTJ*3.n  . VTPJ 
C 

OPEN  LO»EP  PPuNOAPy 
C 

PN0l.0.»-Cl«8FI‘<J 

COEFIaO.O 

_ UlJtO.Q  

UIJNPO.O 

161  CONTINUE 

If  fNIDRVd,J«n  .EO,  21  GO  To  165 

162  CONTINUE 

IFfMloPYd.J.n  ,E0,  21  GO  To  166 

C - - - _ . . 

16U  continue 

HSE INJalHlHJaHlNJN^sEIjTSerMjltn.S 
OTtPiO.O 

UI2J«0.2S*(UIJ*UIWJ«UIJM*UINJH) 

CC9TTt»(J)»uI2J 

L'SOiUI?J«UI?J 

viii(VSO«l)SOl**,S 

CSr.«0,3S»(CIJ*ClPJl«»2 
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Listint;  10  (continued) 


I^rwSH*«J  ,lT,  PfPTOLi  00  TO  l«o 

UPTQPi*0*VIJ*VU 

U»-0EP»HSE!Mj«cSf5 

RYIPiOPTOP/UNDEB  -- 

PyIP»¥1TBES/hSE I“J 
GO  TO  ISO 
169  CONTlMUE 

C 

north  iOJiCPNT  cell  dory 

UI J»o,o 
UIPJRO.O 
VIJP»-VIJ 
SElJPiSETJ 
C! JP»CT J 

__  . __  hSEIJP«(H1J«HINJ*SEIJ«SET.IP)»0,5 
IPTmSETJP  ,LT.  n.fl)  HSEiJP«o;o 
GO  TO  162 
l66  CONTINUE 

c 

c»«»««  SOUTH  *0J*CENT  CFIL  ORY 
VIJHP.VlJ 
UlJHaO.O 

SEIJPlSEIJ 
CIJH»CT J 

hSCIJh»(hijm4hIhJH»SEIJ»SEIJm)«9,5 
IPThSEIJM  ,LT,  n.Ol  HSEIJM  ■ 0.0 
GO  TO  I6U 
ITO  continue 

c 

L*ST  CELL,  CHECK  FOR  OPEN  BnuNOtRv 
C 
C 

IPI.NOT,  OPNUP)  GO  TO  176 

open  upper  flOUNriARY 
C 

UI“J«0.0 
UlHJHlO.O 
SEIPJiSP  TJ 

H5EIPJ«(HIJ+HlJM*8ElJTStlPJJ»0.5 

0nouP»OELT*h8EIPJ«VIPJ/OCLY 

COEERPO.O 

GO  TO  161 
ITS  CONTINUE 
C 

C***«*  ORY  E*8T  BOUNDARY 
C 

_ RHStURO.O  - 

0I*6Ut  n«o,o 
OIAGLO  )»0.0 
oi*G(  n»i  .0 

VI JfO.O 
UIMJI.III  J 

UIHJ“1-UIJH  

SFT-J«SETJ 

hSEI“Jr(HIMJ*hIhjh+SBINJ*8EIJ)*0,5 

VI“J1«VIPJ 
GO  TO  161 
1T6  CONTINUE 
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Listing  10  (continued) 


Off  h£sr  tou^ntoy 

C 

VlJifi  ,0 

V I p J«»V IMJ 

U IJ ■ 0 , 0 

UI  jHi.lllJ 

8f ipj»»f  r j 

USE IPJp(«IJ»miJm+SC1j*SEIPJ)«0.5 

CP  TO  161 
leo  co^Tj^ijt 

c 

uPStPE***  COwvECTIOT  c*lcul*tion  

vvP«f VI j*v!PJ)*n,5 
Vvmi(vij*vIhJ)»o.5 
uvP»(uiJ*uTPJ)»n.5 

DV***  (IIIJM  + HIMjM)*0,5 

vviP«vr J 

IF(VVP  ,l,T.  0.0)  WIPbVIPJ  

VVIMiVtJ 

IPfVVM  ,GT.  0.0)  WIMiVIMJ 
V» IP6VIJ 

IFfliVP  .LT.  0.0)  V*IP«V1JP 
V» IMIVIJ 

IF(UVM  ,8T,  0.0)  WIM.VIJM 

0VV0Yi(VVP*VVIP.VVH*VVI»‘)/0ElT 

Ouvo»«fuvp*vxiP.i)VT»v*IH)/nEi)( 

lOIPt? 

C*LL  PIFFUS(‘JM»)r,MMi»,t,j,OFLx»oELV,EP8,U,V,OVIP.Ion) 

c 

182  COk-TiNUE 

c 

*SSE>*PLF  mere 
C 

»OUNT»kP*  1 

01»GL(KnijvT)iC0EFJ*MSEIMJ 

Diir.fvnuTD^i.o 

on  CUT*  HUNT  ) ■copra  *HSE  tPJ 

2ET*»SEIJ»C2*tUIJ*w8EIJP»UIjM«HSElJM) 

PMS(KOU'»T)»J!ET*««Nni|P 

1F(I  .EO.  IF1B8T  .»IyO.  .NOT,  QPlgUOP)  CO  TO  186 
188  CCF.TIF.UE 

OIAGU (KP)»C0EE1 
DliGfKP)«l .0 

OUGU(KP)«COEE2 

?ETi»»T*f.C0PIT-OTIP*EyiP»r)YIP»0VV0T»miVDX) 

_ WMS(XP)iVlJ«ZET*.aNOtO«( 

GO  TO  |8T 
186  COF'TINUE 

DUGL{'''’)rO,0 

ri*GUfKP)«fl.O 

OI*GO<P)»1  .0 
BxSC<P)»0,0 
18T  CCNTIMIE 

kpipOunTti 

c 

CT'EC*  EOP  FIORE  CELL8  - — 

C 

IE  f I .EQ,  1L*ST)  GO  TO  199 
I»I*t 
CC  TO  159 
199  CONTINUE 
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Listing  10  (continued) 


C*LL  T0UG(nUGL,('I*G,DI*GU,'»M8,K0u»'T) 

C 

K?«t 

IL»1L*ST 

on  ?02  1«IFIB5T,TL 
TEKP«0T»G(K2) 

IF(TEmp  ,GT.  veiG)  TEMP.VbIG 
IF(TEMP  ,LT,  -VBI6)  TE><PP.VRIO 
VPd^-,  J)»TE>‘P 

K2rK2«) 

_ _ TE«P»0I»G(F21 

IF(TE»'P  .CT,  8EPIG)  TE-<P«8EBIG 
1F(TE“P  .LT,  •8E9IG)  TEmPr-SEBIG 
SEPHiJlRTE^P 

20?  CO^TtMJE 

C 

NIJM  R NU“  ♦ I 

GO  TO  101 

c 

c COMPUTE  uB  ON  POX  N ( Second  half  tthfstep 

c 

390  ■ 1 ..  - 

C*LL  7FBP(nma)(,mm*x,uP  1 

CALL  veN0(SFP,(.i,  VP,NMAy,MM*y,NORD,‘ilNoO,BNOV,T  IOES.^UHTIO.nDLA) 
C 

1F(.NPT,  TESTI-iG)  go  to  120 
C 

C * E*T“‘0 
C 

C*LL  E*T*wD(»"<Al(,HH*»,MioHy,8EPiU,VP) 

C 

C 

120  CONTINUE 
C 

C R OBtCEL 

GOFInOrVfaLSeT  ' 

CALL  OBTCEL(SEP.M,miO»V,NNAX,hh*x,gOFINO) 

C 

3«0  IF(Num,E0.NInd)  go  to  tt02 
NSPCH  RNeo(NUH)/ioonooo 

N rNBD(Nlim)/iooOO  • nSRChrIOO  

mF  rNPOINUmi/ioo  •NSRCHrIOOOo  • N»100 
L rNPD(Nuh)  . NS»Ch») 000000  - N*1000fl  •hFrIOO 

NN  R N P 1 
NNN  R N f 1 

LL«L-I 

LLL«Ltl  . . _ 

HFF  rMFpI 

Its 

JF IPJTrMFpJ 

JLASTrL 

DO  itfcO  JPJFIPST,  JLAST 
C»”  SETvAP  “ ““ 

C 

CALL  8ETvAB(NMAX,*«MAX,i/,VP,SE,C,M,  I , J) 

C 

XSTPESrTAUX 


IF(J  ,FO,  JFIRSt)  go  to  <M0 
IF(J  .fT.  JLA8T)  60  TO  a20 
GO  TO  UlO 
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Listing  10  (continued) 


cell  C1LCul*TI0n 


COMtHuE 

UliP«(iJIJP*UlJ)*0.5 
UK JP«UIJ 

lEfUUP  ,tT,  0.0)  IIKJPiUIJP 
UUM»(UtJ  ♦ UTJM)*0,S 



,QT.  0.0)  IIKJM.UIJ** 

Puuo*»(uup«in(  jP.uu”*tJXJM)  /oEl* 
vuPi(viJ»vtjP)*o.S 
VUM»(VT'^J*VI“JP)«0.S 
UY  JPBIII  J 

IFfVUP  ,LT.  0.0)l)YJP»UIPJ  ^ .. 

UY  JWI'JIJ 

If(VU«  ,r,T,  0,0)UYJ««|JTMJ 

VI?J»(VIJ«VIJP*VT«JP*VIMJ)*o'.?S 

ODVOY*f  VIIP»UV.|P-V'/“*I|Y,JM)  /OEL  Y 

• HSEIJP  ''UST  ►^OT  RE  CLOSE  Tn  ?E«0 

vsQifvl^J-Byiaai 

USOiUIjBiJI  J 
VUi(VSO»USO)»»0.5 

cso«(  (CiJp*rTj)**2)/(i.o 

EyJP»0.0 

byjpbo.o 

__  IMhSEIJP  .LT,  OEPTOL)  00  to  050 - 

V».PEPi“SEI  JP»CSO*2.0 
VPYCP«»C*VIJ 

JPiVPTOP/VNOER  . . _ - 

E»JP»*S7BES/HSEIJP  

CO^-TI^UE 

CDPI»«PtJ)*Vl2J 

• 0IFPU91ON  TO  PE  *OOEO  *8  OltJp 
lOIPpl 

C*LL  DIFf US(*<“»X,«P*X. I, J.DCLX.OELV.EPS.U.VP.exjP.lOlR) - - 
nsFOXpir.pfSETJP.SEIJl/OELX 

»«SX«UTJ*4T»(0XJPtPXJPtC0RIX,DUuDX«DUVDY«UIJ»«XJP*DSEDX) 
DEV0«i1 ,0 


UP  C*LCuL*Tinn 


Tfk'P.aMSy/oE'YnM 

IF(TE“P  ,0T.  UBIG)  TEBPiURiG 

IFfTfMP  ^lT,  -UBIG)  TEBPP-U9IG 

uPtr.J  )«TE«P  

CO  TO  050 

CO'  Tl'uE 
X9YPE9»0.0 


FjesT  CELL.  CECX  FOR  OPEN  RDUNOPRV 


IF(sSpCh  .LT.  10)  GO  TO  <I50 

CIJ-BCIJ 

ui'-jpur  J 

V 1 .1 » 0 . 0 

vl“ JtO . 0 

GO  ’C  ujn 

CC*  TI*J|JE 

Y5T(-E9«0.0 
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Listing  10  (continueci) 


L*ST  CfLL,  CWICX  OPpN  bOU*^0*RV 

C - 

ir(>s»c«  ,wF,  1 NSBCH  '.NE,  in  r.o  rn  <no 

CIJP*C!  J 
u! jp»nTJ 
VI JPPO.O 
VlHJP.0,0 
SEI  JPiSUJ 
so  TO  uV5 

«30 CONTINUE  _ - 

C 

C • SET9MV 
C 

C»LL  seT9^J*(NM*>,MH^)(,  I.  J»"l0PY,V) 

C 


“39. 

_ CONTIHUE 

CO  TO  «05 

<*50 

COHTIHUE 

P60 

COHT  IMIE 

MJM  ■ kJUP  ♦ 1 

GO  TO  3«0 

PQ2 

COHTIHUE 

C*LL  nqNDf  9EP,U»,  VP,NM*)t,MM**,Mppn,Ml>^00,9NDU,TI0E8.NiJMTI0,MDL*) 
C*LL  niVEPG(UP,  VP,‘!M**,«M*  x.OEUiOELVl 
8t)'U  E0P*'*T(//2«i*VP») 

Son?  E0BM*T(?x,«SEP«5 
BoOi  P0BP*T(2*,»UP») 

C«  EOOY 

c 

608P  E0RM*T(6(lX,EIP,J.lYn 
C 

DO  uT5  ►‘■1  , HP** 

00  «TS  _ 

IF(9EP(H,P)  ,LT,  8EMIH)9tMlN«9EP(H,M) 

IF(SEP(H,P)  .ST.  8EP**)  8EM**«SEPfN,P) 

IFfllPlM.M)  ,LY,  U«Im«JP(H,M) 

IF(UP(H,P)  ,r.T.  IIP**J  UH**»UP(N,mj 
IF(VP(H,m)  ,LT,  VPIH)  VHlkj«VP(H,P) 

IF(vP(N,m)  ,gt.  VP**)  VM*x»VP(M,m) 

*98E«*PS(S£P**) 

IF(*P8E  ,LT.  ?.0*9C*LET)  GO  TO  <(75 
GO  TO  P98 
«75  COHTIhijE 

C 

C0n8t»1 ,0E«5 

C*LL  F 00 Y f«“**, ““**, EPS, U,V, DEL*, Of LY,C0h8T) 

c 

IF(,H0T,  TESTThG)  go  to  PTO 

c 

c»  FTHO--  C*LU  FJmO  if  »Hy  CFLi.S  n*VF  OBIFO  UP 

c 

IF(,NPT,  GOFINO)  go  to  uTO 
r 

C»  F IHO 

c 

C*LI.  FIMOfPlHO.MHO.MM*  x,hm*x,pjn00,hIH00,h8ECT, 

* Hpn,MPo,M,MnPO,HnRO,SFP,MloRy) 

C*LL  PuTnnT(H9T,PH»x,ni,4»,K0MvRT,9F,SFP,v,vP,il,ljP) 

C 

«T0  COHTIhuE 
C 

IF(PotcLS)  go  to 

p«o  cn»<TiNuE 


60 
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Listing  10  (continued) 


I^(T*PE0U)  SO  TO  «00 

“9T  CONTl^ue  - 

KOiJNT  1 »K0U^T  1 

IMNOUT  ,GT,  KOUNTn  GO  TO  a«« 

C*LL  PuT0uT(N9T,M**4*,k.‘<*x,Kn‘<vHT,9?,8EP,v 
♦ •VP.U.UP) 

00  «5b0  K»t,nTP«C 

I«TR*CE«(K,  n/DXT«? 

J«TH»CFR(X,?)/OtT*? 

hSiTE(«>,602n  x.i.J.fTRACtaCK.in.iiPifiJ 
ttJfcO  CO»-TIMlt 
KOUNTllO 

c 

C ■-TPCOUT 

c 

C*LL  TRCDuT  fNTRAC.MMi  *,«•<»  X,  tracer,  HI  4HN0.0  XT,  OTT,  IJOlJMP) 
C 

«B8  CONTINUE 

GO  TO  605 

«90  CONTINUE  _ 

x0UNT2iK0UNT?41 

IE(KOUNTa  ,LT.  NOUTI  GO  TO  605 
K0UNT2«0 

ThOUBrTYhE/HOURO 

hBITE (6.6039)  THOUR 

00  600  I«»1,NTRAC  

Iitr4ceb(k,  n/o*T*2 
J.TR4CEB(K,3)/0yT»2 

»R  I TE  (6,6021)  R,!,J,hZ€R(K), (TR»CCR(R,ln,II«l, J) 

600  CONTINUE 
I»I JOUHP/lOO 
jtijouHP. 1*100 

c 

c • TRCOUT 

c 

C*Ll  TBCCUT(NTR*C,NhAX,hhax,TR*CEB,hI*BNO,OXT,OYT, IJOUHP) 

c 

__  "BITE(IO)  T(2),Tt3).T(<O.TYHE.SEP.uP.VP,H.C,EPS 

c 

605  CONTINUE 

CALL  SHirT(NMAX,MHA»,u,V,SC,UP,VP,8EP) 

GO  TO  08 
50O  continue 
ITRG0P2 
C 

c****«  particle  tracing  prqh  precalculated  data 

C 

505  CONTINUE 

hRITE(6,60«9)  SniJBCP 
IE(NTBaC  ,LT,  n CO  TO  998 
h»1TE(6,6006) 

00  510  ■<»  1 . nTHAC 

REaPHnA  luA  ,5005)  I,J,OIAH(K),2lOC 

01  A«(i<  )iOi  an(K  ) «l  ,0E»06 
XLOC»PxT.n.?)*nxT/2,0 
YLOC*PTT.(j.?),nyT/2.0 

TbaCER(* , I )»XLOC 

_ tbacEbC,2)*ylOc 

TbacE9(«,S)«2LPC 

HR  I TE (6,6005)  Y.I, J,0IAH(K), fTRACER(K, I), Til, J) 

510  continue 

GO  TO  (t J.520.J3u|),ITbGO 
520  continue 
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Listing  10  (continued) 


REiO(O)  T(2),Tti).Tfa3,TYHE,8fP.UP,VP,M,C,EP8 
1E(E0P,9)  999, s?5 

52?  continue 

IE(F1NI8m  ,LT,  0,0)  GO  TO  S29 
IF(«EG1n  .GT,  TYME)  CO  TO  520 
IF(FI>ISM  ,LT.  TYH£)  CO  TO  999 

529  continue  - — - 

C 

IMBOOUCE  0»‘E  NEW  TP*CE9  EVERY  HOUR  AT  DURPINC  SITE 
C 

TIheIn»timEIn+DELT 
IF(T1H|In  ,LT,  HOURD)  CO  TO  535 
TINElNiO.O 

IF(NT«aC  .GT,  109)  r.O  TO  535 
NTB4C»nTRAC*1 
III jonwp/inn 
JiIJ0uHP-I*100 
YlOCiOYT»(!.2)aOYT/2.P 

YLOC»OyT»(J.2)aDYT/2.0  

ELOC«2.0 

TBACEw(NTBac,i)i*LOC 

TB4CEB(NTWAC,2)iYLOC 

TBACEB(NTB»c.3)»7Lnc 

01 4w(NTB4C)ini 4M( I ) 

53?  continue  _ . 

c 

C • TRACE 
C 

C*U  TR*CE{C0,RH0w,ntRaC.0XT.OYt,TB*CER,wZER,EP?,OELT,PM0P,0IAH 
A ,Nmay,m-AX,UP, VP,H,WZE«P,9E,WAP.MI09Y) 

c _ 
c 

C 1 CONEEB 
C 

C*LL  8C0N(NMA*,hmax,0XT.DYT,0EI.T.8,8P, VP,UP|EPS,HIORY, I JOUMP 
♦ ,SOuBCE,»P*RT) 

CALI.  PRTRiC(TYWE»*JTBAC,T9ACEB  (1,1),  TRACER  (1,2),  TRACER  (1,3)) 
WB1TE(12)  type, 8 
C 

CO  TO(UAO,520) , ITRcn 
C 

99A  continue 

WRITE (h,0P?2) 

GO  TO  999 
99T  continue 

IF(,nOT,  TAPfmi)  CO  TO  999 
ENOFIlE  10 
fNOFUE  12 
FNOFJI.E  11 

wBlTE(lO)  U“ax,umIn,vma*,vmin,8fnay,8ENIN 
wRITE(lO)  ntrac, tracer 
"BITE (h, 60 1 T) 

"BITE (6, 601 8)  8f“A*,8ENlN,UWAY,i|MlN,VMAX,VMlN 
BE"1N0  10 

996  continue 
I8TEP12 
C 

c p Put Out 
c 

CALL  PuTO|IT(N9T,NNA*,NMA*,KONvHt,SE,8EP,V.vP,IJ,IiP) 

c 

999  continue 

IF(  .NOT.  PRTCLSl  RETURN 
C 

C«»AiA  OUTPUT  CONCENTRATION8 
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Listing  10  (concluded) 


C*LL  PNORM(S,igMAX.MM»)t,Nn) 

C 

C 

5001  FOBM»T(I10,?no. 0,20X1 

5002  FCBHAT(8t5x, 181) 

5003  xOB“*T(2nO«,15),2(lOX.FlO.O)l 

5006  XCH«*Tn2»6) 

5007  X0»h»T(8(8«,FS.0)1 
5006  X0BM4T(20I«) 

c 

XOBBATS 

6000  ) 

6001  fobxxtcih  ,i2,ix,sai<n 

6002  FPB«4T(.  MAX.  r)EL*r«»,  131 

6003  rco“AT{»  f >IDL*  f“)  ,«»1  ,M*<1*,  15  t lx,  13,2X1 1 
600a  FOBMATr*  ;mdl * (MM, M«i ,MM) », 15 f lx,  I3,2x)  1 

6005  FnB“*T(3(l», 13, 1X1, unx. 610.3,1X1) 

6006  FCBmaT(»  TBacEBS.  SBECIXLL7  ImBiiT  « NOT  *T  DUMPING  SITE*) 

6013  ECBmaT(//2X, iMK.aX.THHZEBCXl ,21x,6HTRACER  /) 

6016  F0bmaT(*  TIMfpA.Eio.l) 

6017  F0BM4T(///18x,8mSE“4<,5x,5MSEmIn,6X,«HVM*X,6X,0HUMIN,6X,«HVmaX 
. ,6X,UMV“IN) 

6018  6 0B“I  T (10X,6E10.3) 

601B  FC8“iT(*  «050  ■ •,8T10) 

6020  FnOMiT(,  , «,  8110) 

6021  FnB-AT(lx.i?,?cix,l3,lx),6(1x,M0.3,2xn 

6022  fobmat(/»  fBoo®.  NO  babTICLE  DaTA«/) 

6023  FOBmaT(/*  PABTICLES/FT/FT  */) 

60 2U  F0BM4T(ix,12,iinx,E6.?,iX)/5X,ll(lX,E9.2,lXl/SX,ll(lX,E9.2.lX)l 
6fl?5  F0BM4TMX,8H  «NI)U  ilOFlO.Ul 
6026  FOBMATflX,""  HNPV  ,10X10,6) 

6089  FCBMATflMi,.  SnuBCF  T F BM t * , E 9 , 2 / ) 

603  1 fOB-a T ( 16X, 5(2X,E 1 2.5, t X)  1 

6030  F08M4T(lHl,??X,.IIMtN»,|lX,.MM4X*,llX,»VMIN*,nX,*VMAX. 

* ,9X,*SE“1N4,0Y,*SE  •'»<*/) 

6029  F0BmaT(1m1,»  TBACEB  positions  at  T1MEp»,F6,2,*  HOURS*/) 

BETIJBN  . _ . 

END 


Listing  n.  SUBROUTINE  ZERO 


SUSP  on  TINE  ZERO (NM AX, MM  AX, ART  IN) 
DIMENSION  APYlNtNMAX.MMAXl 

c 

DO  10  NRl.NMAX 
DO  5 M*1 , mmax 
ABylNfN.MliO.O 
5 CONTINUE 

to  continue 

BE  TURN 
ENO 
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I.istinK  12 


SUBROUTINE  DIKFUS 


SliHROUTlNE  I,  J.DEL*,f)rLV,ePS,U,V,nlFij8f  . iniH) 

OJ^I^SIOn  5PS(N***X,M«*X),U(NM8*.MMAX),VfNH»K,MHtx) 

e 

uijp»uii,  j*n 

UlJPUf I, J) 

UIPJ«U(I*I ,J) 

vtJPivfUt , J) 

VU«VfItJ) 

V t j«»v  ( t , j-n 
vipj«vn*i,j) 

VlMJlV ( I-l , J) 

vi«jp»v(i«i,j  + n — — - 

uipj“«ij(iti,j-n 

c 

GO  TOn00,^001,IO^P 

too  CONTINUE 

c 

S>»P«EPS(I.  J+l)*«UIJP«UIJ)/OEL)( 

SX*M»  EPS(I,J)«(UIJ.iJIJH>/0EL* 

DE8xXi(SxxP.$yXM)*2,o/OELX 

c 

EIPJP»(EP8fI,J»n*EPS(IiJ)+EP8(I*l,J)+CP8(I*liJ*n)*0,a8 

EI“JP»tEP8(I,J»n*EP8(IiJ)*tPS(I»l,J)*EP8(I-t,j4tn*0,28 

c 

8xvp« ( fnlPj.Lij J) /DEL V*fVIJP«vIJ ) /DEUX) »E1PJP 
SXXM* ( (UIJ.UIHJ) /0ELX*(VI«JP*VIMJ) /DELX)aeI‘'JP 
DES»v*(SxyP.sxrM5/ofLX 
C 

DxJP«rvf  sx«*nF8xv 

OIFI'SEpOxJP  . 

GO  TO  POP 

c 

200  COnTImiiE 

8*»P»CPS(I»l, J)«(VIpJ-VIJ)/0eLX 
8»»“iEPSn,J)»(VlJ»Vl*'J)/OELY 
CFSTV*  f SxyP.s8XT“)  *2.  0/OELX 

c 

EIPJP«fEPSn*l  , J)*EPS(I.J)*EP8(!,jAnAEP8(T*l,J»n)«0.25 
EIPJ>*»(EP5n*l.Jl*EB8(!.J)*EPS(I,J-nAEP8(r*t,J- 1)1*0, 25 
C 

8VXP«((V!JP.VIJ)/OELX*fUIPJ*MlJ)/OELV)*EIPJP 
_ _ 8y»“*  ( ( V I J.vl  J«) /DEL  X*  (UtPJP-UT,)“) /OELT  ) *EIPJP 

0ESyx«t8yxP.8yxHWDEL* 

C 

OyiP«Pf syx*pE8yy 
PIEuSEtf'yio 

PPP  C0»<Tl^uE 

c 

RE  TURN 
f ^0 
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Listing  13.  SETVAIl 


8'J«R0UTlNf  SeTV*BfNM*K, ►'*<**, U,V.SE,C,H,!,J) 

,M(k<-4*,K«A«) 

COMMON  /PA»»M/  IlIJM.UlIBfUIJ.Ml-J.uIBI.VIJ.VT.IP.VlJM.VtMJ.vIPJ 
, VJMJM, vI“JP,UIMJ-,UrPJM,cIj,clJP,ClPJ,HIJ,MI JP.MJ JM,HIPJ 
,MIMJ,.<TMJp,ntHjM,M«PJM,MlPJP,NSFlPJ,MSEIMJ,MSt  I JP.MSEI  J« 

I KST  PE  S.''8TBES,8EIJiSEIJM,  SEIjP.SEImJ.se  I PJ 
.CIMJ.CIJM 

UI  JP»y(  I . j*n 
ujj»un.  j) 
uipj»un*i.j) 

SE I J«3E (I , J) 

8ETJP»SE(I,J*l) 

SEIPJ«SE(I*1 , J) 

vijpvd,  J) 

_ vijp«vn.j*n  _ 

VIPJ«V(I*1,J5 

cijpcn.j) 

cijpicfi.j*n 

..  mij,m(I,J)  . ...  

MI  jp»Mf  I . j»n 

MtPJ.M( 1*1, J1 

H]PJP»m( I»1 , J»t ) 
lEfl  ,LE.  n GO  TO  10 
CIMJ»C(I-1 , J) 

UIMJ»'.](  t-l  , J)  _ __  

8EI“J»SE  n-l  , J) 

VI“J«v( I-l , J) 
vi“jp»p(  r»i , j*n 

MI-JlMd-t  ,J) 

HiMjP.Md.i , j*n 
GO  TO  1? 

CONTINUE 

CI“J«CIJ 

UIMJlIJI  J 

SET“J«SEIJ 
VI"J«vIJ 
VIMJP«vI J 
mI“JohIJ 
MIMJP«WI J 
CONTINUE 

lEfJ  ,LE.  n GO  TO  ?0 

cij“«cd.j-n 

111  jM»ud . J«i ) 

SEijMpst  d.j-n 
vrjM*vd,J-i  > 
uipjMpud *t . 1-1 ) 

MI  JM»M(  I , j-n 
MiPJMpKf I* I , J-) 1 

r.o  TO  ?p 
CONTINUE 

CIJMICIJ  

UI JMPUIJ 
SEIJM«SEIJ 
VI  jM»»d  J 
UIPJM.UIJ 

Ml J-.Mt J 

MIPJ“1-IJ 


Listing  13  (concluded) 


2? 


CO^-T  ImiE 


10 


«0 


50 


TO 


If  II 

.Lfc. 

1 .iNO, 

J 

.I.E. 

1 ) 

r.0 

TO 

10 

If<I 

.LE. 

1 .*nd. 

J 

x5T. 

n 

r.o 

TO 

uo 

IKJ 

.LE. 

1 .iHO. 

I 

.GT. 

t 

) CO 

TO 

50 

V ( 1.1 , j.n 
ui‘‘j“«u(  t.i , j.n 

hl-JM.Mfl.t ,J.l ) 

GO  TO  70 

continue 

Vl^'Jk'lVl  J 
J 

_ 

GO  TO  TO 
CC-TINUE 
VI“J“«VIJM 
JM 

GO  TO  70  . . 

COMTImhE 

VIHJM«Vl«J 

KIHJMaHjHJ 

CnwTiMit 

. . HSEIPJt(MiJ*HIJM*SEIPJ*8EIJ)*0,5 
HSE  + IJ48ETM.I)*0,5 

H5E1  JP«fH!J4Hl'-j48EIJ  + 8EIJP)*0,5 

HSFIJM«(HlJM*HIMjM4SEij48EijM)»o,5 

CIPJ«CfUl,JJ 

PETUPN 

E^-0 


Listing  14.  SUBROUTINE  EDDY 


20 

«0 


SUHPO'iTl^f  EOnvnHiw,  JM«  «,EPS,u,V,0EU*»nFLY.C0N8T) 

OI^EMIOw  fP8(I«*T,  JMiX),  i)f  I“*».  I****,  J“*X) 

I M A » . ■ I M 4 » . 1 
JxAXMaJMAY.i 

8C*LE»,001 
on  <(0 

on  jn  !■?, fMAxM 

ouo««(ii(i. ji  ♦ un.jTi)  • u(i,J»n  « / «.o  /delx 

PuOY«(un,j)  - un,j«n)  / oelt 

ovov«(V(i,j)  4 v(i4i,j)  . v(i.i,j)  , vn«t,j+tn  / (1.0  /oelt 

ovn»i(Y(T,j)  . / delx 

Sxxi^.o  * OVOX 
Sxv«OOOX  4 OVoy 

SYX*  sxy 
syva?,o  * niioy 

SYo-x"-.!  sxx*8xx  ♦ sxy*s«y  * syx»8Tx  ♦ syy»syy 

IP(S*"-8«N  ,LT.  l.nP.JO)  1,OE.?n 

EPSfl»J)»SC*LE*OELX*PELy»SOBTr5«NSvN)4CON8T 
ro^Ti^^^uE 

CP^^TlyjE  _ 

BE  TUPIY 
(NO 
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Listing  15.  SUBROUTINE  TRACE 


C 


_ C 


C 

C 

C 


c 


c 

c 

c 


c 


c 


SUBPOUTInF  T9*CF  (Cn,»M0w,NT9Ar»r)EUr,0FLF»T9*CFB,i«lE<»iEP8,nei.T 

A ,BHOP,0I»“.NM*K,MMAX,tJ,V,M, wZfHP.SE.PAP.MlOPy) 

ni^E^FintJ  M(N‘4*y,MMtx),<J(NMAA,MuAX)|V(NMAytMHlX).EPS(NMiX(HHA)0 

* ,TiJACfB'2n0.1),<llFO(MTBAC).«ZEP'*('^TBAC)ini*M(KTBAC) 

* , SF  (M“A  « , MM  AX  ) , -(AP  (NMA  » , >*MA»  ) 

* ,M1PO¥(»<mAX,mmaX) 

H0BW«»t>EL**(NMAX»1  ) 

HOBizY»nEu''*(“'«*«"n 

IF(»<tbaC  ,LT,  n RETUBk) 

ObP.fi 

wTEBm  ■ »? , OF »05 

COBmompCPaP^^Qm  . - 

COEFi-0,75«CDBNO» 

on  1000  Fii.mtBaC 

waPm  ■ 0,0 

XLOCBTBACEBfK,  n/OELX 
VLOCBTBACESf<,?)/OEL» 

7Lnc*TOACEP(K,l)  

IPBELnc 
*<atL0C*  j 
«BV(.OC*? 

lF(MjnpY(N,Mj  ,5T,  ,)  50  TO  P9P 

h$Ebmp  ♦ - 

I» (“SE  ,LT.  0.11  00  TO  10 

»«apm£P3(ni,m)/M8F 

rOMT  IMIE 

AiO‘-  MOVE  TPACEBS 

CAIL  IIVlNT(U,V,MMAX,MHAX,0EL»,0ELV,TOACeB(K,t)iTRACEB(F,2) 

I .UPIiVPIl 

XMBMaJ 

YM(M. J 

0xBTBAfF9(i<,  1 ).x<yaO|L*«OEL*bO,5  

0y»TBacEB(F,2)-YM*0FLV«0EL»*0,S 

FI».0  FXfZl  A»JO  FVtn 

ALPmAxbO.TB 

ALPmayiO.T? 

MP«(M(M,Ml.MfM-l,M,n*H<N.l,M)*H(M,M.inA0,25 

FxF.t  .0 

FYF»1  .0 

(JP?»UPt»Fx7 

VP?«VOT»FY7 

xLnCBTBACFO(», 1 1 

YLrrpTBACFP(F,?i 

«LOCB»LnC*OFLT*vPZ 

Yi.nrBYU)C*nFLT«uPZ 

!« ( «inc  ,LT.  0."1  xloCbO.O 

IFfxLOC  ,0T,  mOBIZX)  XLOCpmOpIZ* 

IF  tYLPt  .tT.  0.01  YLOCtO.O 

IFfYLPC  ,GT,  mObtZyi  yuocbmOpIZy 

ZL OCpZLOC* delta f?,0««TEBB*wFP(9,M)*»«APV) *0,5 

I'fZLPC  ,0T,  -HP  ,AMD,  ZLOC  '.LT,  SE(N,H)i  go  TO  998 

ZLDCbhp 
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Listing  15  (concluded) 


C0M!M)E 

_ _ irjZLOC  ,LT.  h8E5  cn  TO  9<>fc 

7LCC«»*SE 

996  CO^TIMJE 

TB»CERf*,  n«*LCC 
TBtCER(K,25«vi.OC 
TB»CEP(K,  J)«2i.CC 

999  C09TISUE 

1000  CP>^TlMiE 

on  mis  Na2,NH6X 
K»P(N,M)  • o.n 

,H«|  ) )*0,25 

hSE ihP*8E ( m) 

lEfwSE  ,LT.  0.10)  GO  TO  IftlU . 

k»P(n,-)«PPS(M,M)/m8E 

I0t«  C0\TI\UE 

1015  CONTINUE 

1020  CONTINUE 

RETURN 


Listing  16.  SUBROUTINE  TDIAG 


SURBOllTlNF  T0I«C(0I*r,L  ,nt*C,OI*r.U.RHS,NPT) 

dimension  0I»GLfNPn,OMG(NRT)iDl*GU(NPT),RHStN9T) 

OI*GI'M  )prM»CIIM  )/ni»G,M  ) 

RHsm»BHS(n/oi*Gn) 

I»(NPT  ,lt.  2)  r.o  TO  50 
on  10  i«2,npt 

71  pOUSI  I )-0I*GL  f I)«01  ACIJ(I»1  ) 
Z2*BN5(n.9HS(i,i)*oiA(;LfI) 

OhS(I)p72/71 
7 5»OI*GUm 

OIAGIJI  n»75/7l 

10  continue 

c 

C-..-N0P  BACl*  SUBSTITUTION  ••••  . 

C 

0I*GtNPT)aRH8(NPn 
no  20  T1»2,NPT 
IiNPT*l-Il 

01*011  )«“HSfn-nl*GUf  I)  *01*0  fl*l  ) 

20  continue  - - 

Rf  Turn 

30  continue 

ni*Cf  1 ) s RM8M  >/0r*GM  ) 

RETIJRN 

End 
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Listing  17.  SUBROUTINE  TIDE 


8U8B0UTI^f  TIDE  fnfLt,tnNG,wiTLEv*PHl ) 

common  /tipes/  pccl,*ncs,*ngm,ange,r*os,omec*e,omegam, omegas* 

t 0I8Tm,D!8TS 
C 

OECL  • declination  nr  EARTH  ■ ?A,5  OEG 
C ANG8  ■ ANCLE  RElMEEN  £ARTM»8Un  • XAiflS 

C ANCM  ■ angle  RTTmEEN  earth. moon  . XAATS 

C _ angE  ■ angle  REI^^EEn  station-earth  • TAXIS 

C LAT  ■ LATiTUPr  nr  station 

c _ RADS  » 190,e/RI 

C 

C DELI  IS  IN  hours 

C 

real  long,  LAMOAM,  lAHOAS  — . 

DISTErSRAS.O 

RAO9r1S0.O/5.I«15RE65« 

SlNPlSINfPMl) 

SlNn«SIN(OECU 

PE«E,0*PmI 

_ DE»?.n«OECL  . . 

SINP?«SIN(P?) 

SiNDJpSiNfOJ) 

CPSPscnsiPHi) 

Cnsn.coS(OECL) 

ANGSiANC9*0heGA8a0ELT 

ANGHiANGM*nHEGAM*OELT  - 

ANGErAnGEaOheGaEaOCLT 
anepangE  *LOng 

LAHpiSpl, t ai5R?85a*ANEAANG8 

LAHOAHpiNE-ANCM 

COSLmrCOSILAmoah) 

C05LSpCOS(LAmoaS5  

c 

CONlP3,0»SlNP.siNPp8INDpSINO«ltO 
CON2P1 ,5»S1np2*sino2 
CONSpcnsp*cosp«coSo*cnsn 

C0NPPIR81 ,S»8?flO,npC7R?A,0/OI8TH)«pl/8l ,5 
_ rONSPt  R8l  .S.S?*0.0«(IR?l!>,0/ni8T8)»*3*S,?R*t  .OEaOS 
TIOMprnN(i«(CnN1*C0N?«Cn8LH*C0Nj*C0SLH*C09LH) 

T IPSpCPNS. (CONI ♦C0N?*cn8L8*C0Nj*C0SLS*CoSLS) 

aEpa'NFaRaos 

AHpi*,GH*aAOS 

A9pA».r.S*RA08 

*000  rOR“AT(/*  TI0Hp*,E|?,5,*  TI09p*,E12,5) 

6001  AnRM*T(*  ANGER*, El?. St*  ANGHp*,F  l?,5,*  A NG8»* , E I ? , 8 ) 

nATLEVp(T1Dm»ti09)*0,67 
BE  TL/bn 
end 
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Listing  18,  SUBROUTINE  RESET 


SU'^bOUTInE  beset 

SE*L  L0k*G  

COMMON  /TIDES/  DECL.*Br,S,*NGH,*nCE,B*o8,OBEG*E,T"'E5AB,OBEC*8, 
1 01StM,DI8TS 

COMMOkj  /FIBSTD/  YC»Bl  ,n*y(  ,HOU«l  , ANGLES,  *>4GLEB.  **^SUEE 
BAPS»160.0/3.lal5B?(>S« 

TEAR1»i<)8A,0 

__  ANGLtSEtJPtt.OEUT.O/fcO.nEiSBBS/ifcOO.OI/HiOS 
ancle  M»iuu,(,sijq/B*n8 

ANGLEEaO.n 

A NGLE8»BEDANr,f  UNGUES) 

A nGL E n.BE DANG ( angle B) 

DAV1»«5,0 

HOuRllO.O  

RETURN 

END 


Listing  19.  SUBROUTINE  DRYCEL 


SI'BROIITINE  DBVCELf  SEiB,MinRy,NM|K.MMA*,r,08ET) 

P1"ENSI0n  8EfNM*y,MMAX),H(NMAX,MM*y),Mlr)9y(NMA»,*1MAK) 

C 

LOGICAL  CPSET 
GOSETa.EalSE. 

OBYUPeO.10 

c 

00  20  J • Z.bbax 

00  10  I ■ 2.MMAY 
ISayEbbIORYII, J) 

MinRy(i.J)»l 

MlJ»(BfI,J)yHfl,J.nyB(I»i,J)yHn.l.J*n)E0.5ASE{IiJ) 
1E(BIJ  ,LT,  ORYIJP)  BI0HY(I,J)«2 

1E(“10RY(I, J)  ,NE.  ISAVE)  GOSEIl.TRUE.  

10  CONTINUE 

20  CONTINUE 
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Listing  20.  SUBROUTINE  DIVERG 


SUBSPuTlNf  OTVFRGfil, V,N« A »,««**, DEL* « net V» 

V(NMA«(HMAX)i  01V(  t0il2) 

no  20  N»2,9 
00  10 

Dun»«fufN,M)  . 1/nEL* 

nvov«(v(N,M)  . vfN.i ,M))/oELy 
niv(’^»’‘)«oijO)(AOWDy 
lo  CONTINUE 

2o  continue 

icoo  E0RHAT(Pn»,Ei5.Siixn 

lool  FORwaT(//?k,*OIVEBG  VALI/CSaI 
PE  Turn 
END 


Listing  21.  SUBROUTINE  REDANG 


FUNCTION  REOANGTANGLE) 

•■iRl.KtlSOZfeSa  . - 

T-0PIr2,0aPI 

C 

C*AA«*  angle  is  in  radians.  2,0API*nADS  ■ t REVOLUTION  ■ 160,0  DEGREES 
C 

RAOSRST.aQSTTRS 

REvSranGLE/TwOPI  _ - 

IREviPf VS 
•REVSpIBEV 

REDANGiANGLE>TmOPI*XREvS 

RETURN 

END 


Listing  22.  SUBROUTINE  SHIFT 


SUflROl'T  INF  SMIFTf  NmaV.nNAV.U,  V,  SE.IIP,  VP,  SEPT 

OIhENSIDn  I){NM»«,Nm**),V(NMAX,MmAX),SE(NMAX,H“AX) 

* ,SfP(NnA«,HHAy),UP(N«AX,MMAX),VPfNMAX,MMAX) 

00  10  iPl.NMAX 
rn  % jm\ , MKA* 
uf  i.J)»upn»jT 
v(i  ,.n«vpf  T,  ji 

SEtl. J)PSEP(I.J) 

S CONTINUE 

10  continue 

C 

RE  TURN 
END 
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Listing  23.  SUBROUTINK  UVINT 


I 

i 


I 


SOROntiTlM?  ^JVT^Tn^  V,  *,  LX.OfLV,  «lOC  , VLOC.UP,  VP) 

pi**ension  u( If***. j»*x) , vn“4«,,iMiin 

T»««Lnc/OFL* 

JU»(VLDC-nELV*0.5)/nELV 

O«U««LOC-r)EL»*IU-nFLX»0.? 

DYUiVLOC.nELV*  ( Ju»n 

*H0«0»*P8  f PXU) 

49CYUI4BS tOVu) 

*Ul»tCELX.4BnYU1*(0FLY.iHDYU) 

AU?«fPELX«*BDYlJ)»*RriYU 
4Uj»fP£LY.490Yll)»  400X11 
4UUIlOOYu*4BDXll 
I«iIU*2 

JX*JU*2  _ - -- 

IPXllX*l 

IF(OXU  ,LT,  O.OUPXbIX.1 
J0»«JX*1 

IF(OyU  ,LT.  0.)  JPxtJX.l 
*U«*U1 ♦*U244U8**UU 

ui»unx,jx)  . _ 

u2»iinx,jpx) 

U3«U(TPX, JX)  . 

U««U(IPX, JPY) 

UPpfiJI  «4U1  ♦U2*4U2  + U3»*U3*U«*4U«)  / iU 

c 

NO"  VP, _ _ — 

c 

IVi(»LOC-OELX*0.53/OELX 
JYOYLOC  / OELY 
DXV«XL0C»OEl.X«f  IVYU 
Dyv«yloC  -OELYtJv  - OEly*0,5 
_ 4B0vv«493fDXV) 

400YV«48SfOYV) 

4Vlf(CELX  • 480XV)*(0ELY  • ABOVw) 

4V2«(0FLY  • ABOYV) *4B0XV 
4V3ifOELX  • 40DXV)«4BOYV 
4V8iipoxv*40oyv 

4V»lVl+4V2Y4V3»iV4  

1Y»IV«2 

JY«JV*2 

I»YllY*l 

I'toxv  ,L^.  0.0)  IPV«1Y") 

JPY* JY* 1 

IXfOYV  .Lf.  0.0)  JPYtJYml 
VlOVdY.  JY) 

Y2«VC!PY, JY) 

V3»V( lY, JOY) 

V40VCIPY,  )OY) 

VPotVIttV)  * V2*4V2  * V3*4V3  * VU*4VU)  / 4V 
RE  tu®w 
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Listing  2‘1.  SUBKfJLT’I.VE  SCON 


8Iir»puT!»'?  »C0nfNM»»,MM»K,0?LK.nrLy,0»LT,8,SP,V,U,FP^,H!0B¥ 

_ ♦ I I JCi.'mp,  ?on«tF  . yPAPT  ) 

C 

CTNCfNTBATIOn  (S)  SI“UL»TI0N 
C 

0I“FKSI0N  8(>.Mi»,-M4)(),5P{N“**,>lHAX),»P8(S*<*»,MM*l(),VfNM*X,“’<»X) 

I^teg^p  30uTw.r4ST.-E3T 

L0&IC4L  ST4BT 


c 

Cr***«  DIBFCTIOW  0{E!MT[0^ 

C 5 

C I 

C . _ ..  . - 1 

C E»«-r--«t4-(t*l) 

C I 

C I 

C Cn“PUT*TIO‘.»L  nOPTh 

C fJ‘l) 

c . _ 

»JM1  )THa4JM|  y.  I 

I»1 

lO  COnTI'JuE 
Ilirt 

IFfl  .ST,  GO  TO  90 

J»1  . _ . - _ . 

ST4PTi.r*L8F. 

JO  CP^TI4.ijE 


J«J*l 

I*  U ,cr.  “*<AX)  so  TO  19 

iP«MtoBvn,  j) 

I»(3T»PTJ  GO  TO  JO 

.ST.  n GO  TO  ?o 

$T4ST».TDijE, 

Jo  COMTISuE 

IT(I«  .GT.  n on  TO  80 

c 

c 

SIPJrSdTtiJ) 

SI-,!«3(I.1  , J) 

SIJB*3(  T , J*n 
SI  jsi8  ( I , j-n 

c 

EIJ»EPS(I,J) 

FIP.tiEPSn*!  ,J) 
II-J»fP8t!-l,J! 
e I jp«'P5  ( 1 , j*n 
EIJ“»EPS(T, J-'  ) 

c 

U I J ■ U ( I , J ) 

I . '-n 

V T J • V ( I , J 1 
VlPJ»V(I-l , J) 
f 

•4P«T-»“  T -ov  n . J*  n 
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l.istinf?  2‘^  (concluded) 


pr 


«€ST«Hirujv(i*),j) 

_ _ 80UT-«hid(Jy(i,j.i) 

e*ST»Kinov{ ;-i , ji 

c 

IIUnOHTh  .lT,  ?)  so  TO  uO 
St joij.ntsij-sr J“ 

(to  CD^TI>^UE 

IE(SOi.iTh  ,i.T.  21  SO  TO  SO 
SIJ-i2,0»SI J-SI JP 
E I J-Pi.OtFIJ.FI JB 
5o  continue 

lEfPiST  ,LT,  ?)  SO  TO  60 

SI“Ji2,0*SIJ.SIBJ  

EI^JiJ.O.EI J.riPJ 
60  CONTINUE 

IE(>»FST  ,lT,  ?1  SO  TO  70 

SIPJ»2,n»SIJ-SlMJ 

EIPJ«2,0»EIJ.PIMJ 

70 COMIHUE  — - — 

c 

CELL  C*LCUL*T!QN  DONE  MERC 
C 

USBr'JI  J»SI  J 

lEtlJlJ  .LI.  0,0)  USP«l)IJ*StJP 

USM«UIJM*S1J  . - _ 

lEfnlJM  ,ST,  0,0)  IjSMiUI  JM*SI  JM 
VSP»VIJ*SIJ 

lEfVIJ  ,|.T,  n'.O)  V8P«VI,I»S1PJ 

V5M»v I«J»SIJ 

)E(VIMJ  ,ST,  0,0)  VSHivImJ*8IMJ 

Ct*'S0«»(USP.’)3M)/DELX 

DVSOV»fvSP»VS“)/DELX 

HJ«fl,S*EIJ  ♦ 0.125*(EIJP+ElJM+EIMJ*Ct»J) 
D2SD«»EIJ«fSMP«?,0»SIJ»8l!M)/DELX/0ELX 
02SOYtEIJ*(SIo.I-2.0*SIJtSlHj)/OELT/DEL7 
DSO<«(Sr JP-SI JM)/?,o/OELX 

_ C5Dv*(SIPJ»SI“J)/2.0/OELT 

DED)<»(ErjP.FlJM)/?,o/RELX 

DEOy»(EIPJ-EIMJ)/2.0/DEL7 

SUSPENPfOEtlX-wPiPTltnSiOYYfOEOV^MPXBT  1*0807 
1E(8U8PEN  ,LT,  0.0)  SUSPENiO.O 

ET»TJ*  n?SDX  ♦ 02807  . (DnSDx  ♦ OVS07) 

_ 1J6I*100*J 

lEflJ  .EO.  IjniMP)  ET»IJ»ETiIJ8S0URCE 
SP(I,J)»S(l,J)*0ELT*(ETiIjt8uSPrN) 

SO  TO  2ft 

8o  CONTINUE 

ST*OT«,EiLSE. 

GO  TO  20 

9ft  CONTINUE 

C 

c»***»  INT7pCm»nSE  SP  *no  8 
C 

00  lift  I ■ 1 , MMi» 

00  too  I « 1,NM*7 
ST  I,.l)«8Bn,J) 
too  CONTINUE 

tio  CONTINUE 

RE  TURN 
end 
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Listing  25.  SIIBRDUTINE  PUTOUT 


SURqonHNf  PUTnUT(NST,-M*l(,«^«*l<,«0*<VRT,8f  .Sfp.v 
_ ♦ ivp.u.iip)  I 

DIxe^SION  KOUVRT  (NM«  X ) ,*E  (NM*»,  MM**  ) , j 

♦ 1 V(^M**,MMtx),  VPJMMax.mm**),  U(‘I«**,HM*X) , UP(Nm**,HM»X)  ! 

c i 

c i 

c PPJMT  IMSTRUCTInMX  I 

NSR'WST  j 

‘<STin5T»1  j 

“OITt  S8T  i 

on  6000  M»i,»M*x  i 

DO  6006  1 . ! 

6006  KONVRTfN).  (SEC‘J.‘')*SEPf6iP)l  •80, i 

6000  i*RITt(6,600n  M,  f KO^VRT  (N)  ,»J«1  ,N“*X)  . 

•■»ITE  (6#50^n  'jST  - . — j 

00  600J  Mlt.MMXX  j 

00  60n7  6»1,SM4X  

6007  X0MVRT(N)1  ( V ( ^, M ) *VP (N, M) ) »50 , j 

60OJ  •RIT£(6i  600  l)  M.  (XC'JV»TfN),Npj  ,viM*X)  i 

*RITf f6,50??)  ^3T  1 

DO  600a  “»1  .MMix  

DO  6008  ,NM*X 

6008  xOmvRT  (6)*  (U  6UP(N,M  J J *50,  _ - 

60nu  i»RITE(6»6001 ) M, fXnSVRT(N),N«l #NM*X) 

6ST»«j8  . _ 

2<97  return  1 

5020  FORM*T(jHt,«  C*1,CUL*TE0  »«*TE»  8ijRf*CE»  meTERS*,  t H*,  * 1 00,  * | 

* /«  *PTER«,I5,»  time  steps*/)  1 

5021  EORM4T(1mi,.  C*LCUU*TE0  v.VEUOClTlES*fMETER8/8EC)*,lH*,*l00,*  ’ 

♦ /•  *pter»,i8,*  time  steps*/) 

502?  PORMxTllMi,.  C*LC0L*TEP  0-VELOC I T IE8* I METERS/SEC) *,  1M»,  «1 00,  ! 

* /*  *ETE«*,I5,*  time  steps*/)  j 

bOOl  EDRM4TC2X.321U) 

E^D  ' 

! 

1 


Listing  26.  SUBROUTINE  PRTRAC 


SIIPPOUTInE  PRTR*C(TTMe,NTR*C,TR*C*,TB*CV,Tfi*C7) 
dimension  TR*C*(NTR*C),TP*CT(NTR»C)iTP*CZtNTB*C) 
"PITEHl)  Tvme,NT»»C 

MBiTEnn  tr*cx,tr»ct,tp*cz 

RE  Turn 
END 


Listing  27,  SUBROUTINE  DATARD 


SOPRODT I NE  0»T»on 
CO““ON  / p t g / o ( ) R) 
r tj-Mnx,  / J u / I f u ) 

Mf *0(6)  R,  I 

Pf  » MN 

E‘ir 
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Listing  28 


SUBROUT  I Nr;  DEITH 


SUMOOUTt^r  Of  ,”pTE»,nfPfi*f , IMP II.E) 

dioe'jsiqn  H(•|M4x,'^M*)n,oE^»lNn51 
BE»L  ►‘SL 

^^TE&FP  pok,  Ct'IO 
LOGICAL  '^FTFP 

OC  2 “<  P 1,**‘'AX 

DO  1 M • 1,  KiMAX 

HCN,*')  ■ ■JO.O 

t CO^Ol^-UE 

2 continue 

c 

CA»»»»  INPUT  IN  FEET  0»  METEPS 
C « ofPTw  Input  is  LL»i 

C • "SL  IS  height  above  LLP  OF  FEaN  SEA  LEVEL 

c • PPOGPAW  CONVERTS  TO  PETERS 

C • Each  row  hust  end  with  -Pq.R 

c 

pwa»“pmm4x-1 

► OUNT 1 lO 


DO  10  “ ■ 1,  HMAXM  — --  

N ■ 0 

*0UNT2il  

U CONTINUE 

sEAOIINFILE.SOOO)  ROW,CARD.tnEPlN(n,I«t,m 
IFf  H .NE,  ROW)  r.O  TO  R8 

»OUNT)»AOUNT1»1  _ 

IE(K0UNT?  ,NE,  CABDl  GO  TO  R8 
fount?! V0UNT2T1 

DO  S I • I,  IS 

lEtOEPINfl)  .LE.  .RR.R)  Go  TO  b 

N ■ N ♦ 1 

lEf.NOT,  HETEP)  OEPlNtI)»nEPlN(np,30a8  

lEfOEPiNd)  ,lt.  0,0)  0EPiNcn«.RP.q 
HiNAl  ,BOW*n«HSL*OEPIN(T) 

5 CONTINUE 

GO  TO  U 

b CONTINUE 

10  CONTINUE  . - . - - - 

GO  TO  QR 
P8  CONTINUE 

wBITE(b.bOOO) 

write (b, boon  KOUNT1 , BOW, CAPO, (0EP1N( I), l!| ,15) 

CALL  Exit 

PR  CONTINUE  - - 


C 

Cww.  SITE  dependent  code 

c 

00  555  H • 1,HHAX 
H( 1 ,M)!.RP,0 
H(5l,H)«HflO,H) 

555  COATINUE 

on  55b  N ■ l,NM*y 

H(N,  n«w(n,?) 

55b  CONTINUE 

OEPwAxtO.e 

00  bPO  N»1 ,nm*» 

00  bPO  h«1,hhax 

ir(M(N,M)  ,GT,  DCPHAX)  OEbwAxiH(N,m) 
boo  CONTINUE 
b«9  CONTINUE 

RETURN  _ 

50P0  EnRHAT(?I?,1X,l5E5.0) 

booo  FOB-AT(//....fPQnR.--  depth  CaPoS*.*/*  execution  TEPNINAT ING»//) 
bOOl  EOOhaT(a  depth  capo  nijmbpr  IS  AS  FOLLOWS*/ 

♦ 1 x,2I2, 1 X, 15F5,0/1H1) 

END 


Listing  29.  SLfDHOUTI Nt:  1*UNT 


8Ufl«0UrlMC  PW*irfWH**,MM*«,»/C*»n,'(U'DO,SiIKr)0,'uSFCT,NST*T,NTB*C 

* ,Lf ''.LE^2/NI,INL£l»IJr'iJ“P,«riHr> 

* .^OBR.TITL.w.^JH.C.^^HST.HNOIJ.bnOvI 

c 

c 

CO>'"OH  /»19  / l_*TU'^F.Ln‘JGIT.»MO^, SHOP, nINDx,wINnY,rE*B,0*V, HOUR 

* ,Mh«,D*TuH,Sf  TNV.f.  ,DEL><.nfLY,nEUT,HOBTEY,HnRlTy,DEPH*Y 

CO"HOH  /D*Tai  / , MM  t KM,  CONiZER.  I TRGO,  4C,  PI , R*08,  H INOCO.  UMIN 

* ,IJM4X,V“tN,VMiK,SPMlM,SEM4X,NM,MM 

dimension  MOHO;MlNOO),NnflO(‘JlNUn),TTTLM2),H{NM4X,MM4X),NHtKiM4X) 

* ,C(NM4»,MM4X),BNnil(MIMOO),0NOw(NlNDri) 

Rf  41  I nNr.TT.i  4Tiinf 

c 

write  IN2TI4L  ViUlES 
w»ITE(6,601fc)  (TITLI J) , J«1 . li) 

WRITE  Ih.  {>0021  NM4x,MM4x,OELX.riEl  Y.HORIZx.HORIZY.DEPMiX 

* ,HMW,D4TijM,nELT,wINnx,wINOY,U4TUOE,LONGtT 

* ,04y,VE4R|NI,MAYST 
I0»IJDUMP/1 00 

JD«1 JO JMP. 10*100 

WRITE fb.bOOS)  NTR4C,10,JO 

wRITE(6i60C6)  (M09D(MJ.Mit,MM) 

WRITE  (6,6025)  ( BNDij  ( « ) , Mb  I , mm  ) 
wRITEt6,6010)  (NOBD(N) ,NBl ,N“1 
WR1TE(6,6026)  (RNOV(N) ,NBJ ,NMT 
WRITE (6,6012)  (TITL(J) , J«l» 12) 

WRITE (6,6009) 

DO  9 m,i,mm4Y  

00  UO  N*1,nmax 
uo  nh(N)«m(n,m)»io.  *.oi 

9 WRIT£(6,6001  1 M , ( »jH  ( N ) , N»  1 , NM*  * ) 

c 

6001  fOPM4T(lH  ,12,1*, 5219) 

6002  E0WM4T(»  site  P4R*Mf teR9*//»  NUmREr  Of  CELLS  IN  * (N«4*)b»,IJ/ 

* 20*,  *v  (m«4X)b*,  n//«  *»GRIO  SPAclNP,  (nCL*)»*,£«,2/ 

* * Y.,ia*,*(DFLV)»*,f8.2//*  mA*imum  x-0 I ST »nCE ■ • , E 1 0 . u/ 

* 9*,*Y*,9*,*B*,f 10,u/19*,«0EPTwb*,E8,«//*  mIGh  w4TER  I9b*,FU,1/ 

* • mean  sea  level  ISb*,FU,2,*  mET£OS  ABOVE  LOwER  (.Cw  WATER*// 

* * time  STfP  i*,Fb,2//*  *-w1nD  component  ( w t no y ) b * , F « , u / 

* » Y*,  16X  . * (WInOY)b*,F8.U//*  L*TlTuOE,LnNGlT|ir>Et*,2(2*,FB,2)// 

* * DAY  AND  year  ABF  * , * 4 , O , * , • , E 5 , 0 / / 

* * number  of  seaward  openings**, 12/ 

* * MAXIMUM  number  of  steps**, Is) 

6003  FORMAT!/*  number  OF  TRACERS  SREcIEIED  **,!«/ 

* * dumping  site  Is  AT  T»*,12,*,  .la*,12/) 

60)6  FCHMATdM],*  dredge  material  dIapEbsION  simulation  motel*/ 

* * dr,  l.  D,  5R«*GOS»w  mvDbOST“  INC.*// 

* * simulation  of  «, I2AW/) 

60(»u  F0RMAT(Bx,5HMA».ST,(,*,BM>jl,S>,6Hi*ThDE,ux,6MLnNT>tT,5x,UHDFLX,6X 

* ,uM0EtY,6A,«MnELT,5».SM-INDx.5x,5M*lNDvl 

6005  rORMAT(lX,2I10,7F10.2///) 

6006  FCRmaT(Tx,umyFaR,6X,3hDAY, T * , aMnOUP , 5 X , 6HH0B I 7 * , 9* , 6MHDR1ZY,  liX 

* ,6H0fPMAX,5*. 3HHH«,6X,5HSEINV,SX,5H0ATUM,T*,5HtNLET,UX,6HIJDUMO) 

600T  EORMATdX.RFlo. 2,2110///) 

6008  F0BmaT(1X,8m  mohD  ,101101 

6009  E0RM4T(/1X,29HIN1TIAL  PEPTmS  IN  ,1  ) 

6010  format r /// 1 X , 8w  NOBO  ,10110) 

6011  F0BmaT(/ix,28HC  values  UNTIL  NtxT  PRINTOUT) 

601 2 format ( 1 Ml , 1 ?A61 

6015  FORMATdH  , 12.  I * , 3?F«  . 0 1 

6025  FOwMATdi.SM  BNDU  .IflFie.Ol 

6026  F0R“aT(1*,«m  rnDV  .lOFlO.O) 

RE  Turn 

END 
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mppH 


lasting  30.  SLIUS'UTINE  TAl’DAT 


SLRUniiTlKiE  TiPriiT(<g“*X,MM*«,TyM^,OST*RT,3F,ll,V,M,C,EP8,MSTP5 
DI“*ENSID*I  SE(N“i*.MMA«),UtNH*X,MM*Xl,V(N“*X,«M/kX),M(NXtX,MM*«) 

CC-^PON  / TIDE8  / Tf(0) 

c 

I^PuT  FPCP  TAPER 

c 

:P(RST4RT  ,LT,  O.Ol  WSTARTll ,OE*JO 

10  continue 

BEADO)  T(?),T(^),TfU),TTMC,SP,i|,V,M,C,rPS 
IP  (EOF  ,P)R<»,?ft 

20  continue 

IF(TvpE  ,lt.  BRTaRtIGO  to  10 

c 

c*«««*  PINT  EOP  ON  TAPE  ANO  PPEPARP  POB  TRACER  DATA 

c 

25  continue 

OEAO(Q)  T0U'*Y 
IE(EOE,R)  RR,?5 
99  continue 
BE  TuBN 
ENO 


lastinic  31.  Sn>ROLTI.VE  PR.VDi 


SUHROUTINE  PRNTB(Ptl  ISm.BFO,  IN,TyPE,NST,x“A«,NMA* 

♦ i«ONyRT,SE<»,yP.LlB,P,C,EBS) 

nl-ENAION  bEPlNPiy.MNAXi.UPfN-AyjHMAX^.vPfNMAX.MHAXl.MINPAX.MPA*) 

♦ ,CfN“A«, •*"»«), EPSfN“A»,PPA»),'(BRlNT(MO),KnNVBTfNMAX) 

COMMON  /TIOE8  / T(IO) 

ISTEPP2 
nSTpo 
. !»•  0 

IF(REGIN  ,r,T,  TTmEi  go  to  so 
20  continue 

*B I TE r N, Nonn ) TyMf 

call  PUTOUT(NST,MPAy,NHAA,KONVHT,SEP.SEP 

♦ . yp . VP, uP| UP ) 

_ NSTpNST*! 

BEADI9)  T{?),T(J),T(u),TyMF,«EP,OP,VP,H,e,PPS 
1»(E0P,9)  100. «5 
(15  continue 

IPfTTME  ,LE,  FINISH)  GO  TO  2fl 
GO  TO  100 
_ 50  CONTINUE 

"BiTf(6.6onn  pegin,  tvhe 
100  continue 
CALL  EXIT 

c 

6000  P0bmiT(//«  SIMULATION  at  a.EIO’.O) 

6001  F0b»aT(//,  beginning  tI“E  0*  •.FIO.B.a  ,GT.  LAST  TIME  OF  «,F10.0 

♦ ,#  ON  TaPE.9  •) 

ENO 
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Li  St  inti  32.  SUiitOUTINE  TRCOUT 


susoooTiNf  Ti»ronT(>jTM4c.'<*''‘<»“''»>'<t®*rE»,''i»»«jT,neL)t,oeLv,  ijou***’) 
t)!«E*,SICS  TiitCEH  tann.S)  ,»P«NT  fNHiX.MMA*) 

I^rsc^p  PL**'*'!  ST*i» 

OiT*  P(,*»<X,ST*R/JH  ,XH  • / 

»■  M I T E ( 0 1 E P 0 ? ) 

c 

C««r>f>»  PBiMT  OUT  LOCiTiniw  nr  tracers  In  a map 

c 

PO  to  lel.NMAX 
KpoNT(i,niii 

10  continue 

nR1TE(6. 60001  (KPRNT(I,n,I«l,NMAX) 

00  12  J»1,Mm4X 

00  12  in  ,nhax  • 

APRNTCI,  J)lPl.ANi< 

12  continue 

c 

CA*AA«  riNp  tracer  iocation  ano  EIlL  kprnt  Matrix 

c 

DO  20  a»1,nTRAC  ■ 

I«TR  Arri.  (<  , n /Of  L »*2 
J»TpaCEB(K,21/0ELY*2 

IS  continue 

IE  (NPRNT  ( I , J)  ,EO,  BL*NM  r.0  TO  IT 
1E(I  ,LT.  21  CO  TO  19 

sc  TO  15 
19  CONTINUE 

jr(<PRNT(l,Ji  ,EO,  8L*Nri  GO  TO  17 
irn  .ST,  NMAX.ll  GO  TO  19 
I»T*1 
SO  TO  IS 
IT  CONTINUE 

ENCO0E(S.6005,'<PRNT(f  ,J11  K 

19  continue 

20  CONTINUE 


C 

C*AAA*  MtSK  LOCATION  or  PUMPING  SITE  MiTM  A e 

c 

IOpI JPuMP/1 00 
JO»t JOU“P»ID*l 00 
APRNTtlO.JOlfSTAR 


c 

C»AA»A  OUTPUT  location  maTRIX 

c 

DO  50  J«1,“''AX 

NBITEIP, 60011  J.rrRRNTd.Jl.TPt.NMAX) 

so  CONTINUE 

PE  TURN 

99  CE'NTJNUE 
CALL  E»IT 


c 

C»»A*»  EORmaTS 

c 

60  0 0 EOt.MATf2ii,»M/NA,2X,'jOfi«,I211 

6001  EPRmaT(2x, 12,5»,«Ca51 

6002  rro“AT(iM(,»  tracer  map«/i 
60OS  ErR-ATn«,I21 

f NP 


Listing  33,  SliRI«)UTINE  DATAWT 


SUBPOUTISE  n*TAt«T 
CO«MQN  / Pl9  / 0(19) 
COhmqm  / I<4  / 1(a) 
"BITEMO)  H,I 
wWJTE ( 1 n 0,1 
o»ITE(l2)  P,I 
WE  TllPW 
EWD 


Listing  34.  SUBROUTINE  PNORM 


SUPBOUTIWE  PNnBM(*0V,>IW4X,MH**,KPPnT) 

PI “ENSIGN  AOY(NKAX,W“AX) ,EPONT(NW*a) 

“PITE  Ob.fcOO?) 

C 

Elwp  Pi»/W1N 
C 

A“AXB>| .AEJO 
_ _ A“INl»4“AX 

DO  s Io1 , NM*» 

DO  S Jol,MMAX 
ABVTJOAOVn,  J) 

IE(4“AX  ,LT,  AOYIJ)  A-AXOaRYU 
IE(»mIn  ,5T,  aRYIJ)  A‘'Ino»OYIJ 
5 CONTIWUE 

IE(A“i«  ,LT,  t.nE»SO)  A“AXit,0ES0 
DO  10  lil.NPAX 
WPPNT ( I ) ■ I 
10  CONTINUE 

• Om  (6,6000)  rKPRNT(I),I»l,N“Ax) 

C 

(••••*  N0B“»L17E  AND  PPinT 

c 

DO  60  J»1 ,MWAX 

DO  ?S  lll,NNAY 
ABYIJ«ARV(l,J)/iW4X*100.0 

EPONT  ( DiARYl  J _ _ 

CONTINUE 

WRITE  (6, 600  1 ) J,(EPRNTm,IO),NwAX) 

60  CONTINUE 

return 

c 

C»»»»»  E0P“AT5 

c 

6000  EOB“AT(?*,*NyN»,2*,UO(lX,I?)) 

6001  E0O“AT  (?»  , I » , i¥,  (lO  ( T S)  ) 

S002  E0PhaT(1M1,»  NOBmalTSED  C ONCE N Tp a T I ON  HAP*/) 
END 
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Listing  35.  SUBROUTINE  EXTND 


SUHBOUIIN?  f»TMO(NMix,MM*it,Min>iy,SEP»uP,vP> 
0i«E'yJl0M  **lD9r(N‘*iXf*‘M»x),sEP(N“*x.*'*i*x) 

* ,UP(N»<*X.H«*X)  ,VP(NM*X,MMAX) 

»•  M i X M ■ M M A X • 1 

on  60  w«j,mmaxh 
00  so  “bj.mmaxh 

NP«xIDBV(kJtl  ,M) 

NM»MIClsy  (N«t  , M) 

M M ■ - I 0 P Y ( »J , “ • I ) 

IP(N0«i  ,GT.  n GO  TO  tiO 

c 

8 *FST  CELL  OPV--  NP«2 
C 

IPf^'P  ,LT,  2)  GO  TO  10 
SEP(N*1  .-liSEPtN,**) 

VP(M.H)«0,0 

to CONTINUE  . . 

c 

IS  e*ST  cell  ORV..  Nm«2 

c 

I^CNM  ,LT.  21  GO  TO  20 
SEPfN.i ,m)«SEP(N,m) 

VP<N-l  ,M)«0.0  _ - 

20  CONTINUE 

c 

C*A**A  IS  NORTH  CELL  ORy««  HP«2 

C 

IP(NP  ,LT.  2)  GO  TO  30 

SEP(N,Mtl)pSEP(N,H)  

UPfN,M),0.0 
30  CONTINUE 

C 

IS  SOUTH  CELL  ORV»»  MHi2 
C 

JT(hh  .lt.  2)  go  to  ao_  _ . . 

SEP(N,H.nPSEP(N,M) 

uP(N,h.i )»0.0 
«0  CONTINUE 

50  CONTINUE 

60  continue 
_ _ _ return 
CnO 


oooooriooooo 


I.istitiK  36 


SUBROUTINE  BNDRY 


SU«»0UT!Nf  »>woP¥(8EP,NMiii,HM*it,Mi'goo,kiiMno,MOHO,wnRO,t*JLeT,K,oeLT 
♦ , LOMJlT.PHl.MSLf «‘TL€¥.TYME.tl.V,HNOu,9NOV,OELX.OELY) 

C 

c*LCiji*T£  sEAwtPn  poundaoy  Elevation  ano  store  in 


«nOJ 

C RnPU  IE  IP»1  OR  j 

C PnOv  IE  IH»2  OR  u 

c 


OIhENSION  SEP ( nRA y , mm» * > , hoSOImINOO),  NORO ( n J nro | , ij  t nmax , «« A A ) 

* ,V(n«a«,mm»y5,  HN0U("I^‘00)  , RNOVININOOI 
C 

real  LO^GIT,  msl 

c 

C**A*«  GENERATE  the  TIDE  LEVEL 
C 

C*IL  TIDEfOELT.LONGtT.TIOLEV.PHi) 

C 

"ATlEV  p TIOLEv«0.i0«P  ♦ *'8L 

TYMfT  a lYMf  4 oELT 

••AA*  inlet  is  Tmf  SEAmaho  opening  fl  OR  J)aI0  a TH 
IR  ■ 1 NORTHERN  OPENING 
IH  ■ 2 EASTERN 
IR  ■ J SOUTHERN 
IP  p <1  aESTERN 

note  »ORk  neeoEO  mere  to  allow  EOR 

more  Than  i InlET 
l.E.  OImenstOn  TNLE^(NInlT) 

HMpMlNOO»l 

NMpNINOO«l 

lORJ  p INLET/tO 

IRpiNLE’-IORjAiO 

GO  TO  M0,?0,1rt,2O|,IR 

10  continue 

c 

CA»«»»  OPENING  IS  oRIENTEO  north. south  (HOMO) 

C 

00  IS 
IPHOBO(H) 

IlPl/lOOOOOOO 
iPl/loflOon  . iiAino 
___  IE  (I  ,NF.  TORJ)  r.n  TO  t« 

RNOU ( M ) phaTLE  V 
GO  TO  JO 

iU  continue 

IS  CON  TIN' IF. 

wBITEfN.6000)  inlet, (“0ROIJ),.?»>,miN0O) 

CALL  FyIT 
C 

20  continue 

c 

Caaaa,  opening  is  OBIENTfO  EAST. west 
C 

00  2S  N p ) , N- 
Jp*  pOO(N) 

JIPJ/IOOOOOOO 
jpj/ioooon  . Ji«ioo 

IE(  J.NE.  lORJ)  CO  TO  2R 
RNPYfNlpwiTLEY 
CO  TO  JO 
2tt  CONTINUE 

is  CONTINUE 
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Listing  36  (concluded) 


•«ITE(6,6non  INL«T,  fNO|»0(J),  ,JB? , NI  NOO ) 

CALL  EllT 
lO  CO'JTI^'UE 

c 

hi  Tijrh 

_»00Q  ROUNnARV*/*  I NLE  Ta* , 1 1 0 > * MOBOa*,Sny 

♦ . I*, 1 »)//) 

600>  Fnh«AT (•.,.EB9pB,-.SEtW4hO  BOUNoARY*/*  IhLETa*,IlO,»  N0B0a*,5(l* 

♦ iIB.l*)//) 

Ehf) 


r 


Listing  39.  SUBROUTINE  SETBNX 


SURonuTIhl  8ETRN»nM**,jM»x,I,J,hInRY,V) 

_ OlhthSlON  HIORynMAK.jMAAJ.VClMAX.J-AY)  ...  .. 

C 

COMMOh  /PAhAM/  U1J>*,U!JP.UIJ|UIHJ,U1RJ,VIJ,VIJP,VIJM.VIRJ,VIPJ 

♦ , Vt“JW,  Vt*«JP,III“<JM.UlPJ“,CI.Iirt  JP.C  tPJ.Ht  J,MI  JP,HIJM,HJPJ 

♦ ,wl‘‘J,Hl“JP,hIMjM,HipjM,MlPjP.HSCIPJ,HSEtMJ,HSEIJP,H8ElJH 
« ,*STBE3,vSTBES,Sf TJ.SPIJM.SFI tP,SElMJ,SFIPJ 

t 

C 

c 

C*A»*«  IS  hfST  call  a DRV  ROlihDARY 
C 

IP(hIPRY(Ul,JJ  ,hC.  ?)  00  TO  «J5 

*9TBESa0.0_  . 

VI JaO.O 
9EtPJ»9£TJ 

M9EIPJt(«IjAMIJM4Snj*SEIPJ)*0,5 

(jIPJi.ijI.J 

CIPJPCtJ 

«S5  — CONTIh'Jt  - — 

C 

C*A»AA  IS  EAST  CELL  A pRY  BOUNDARY 
C 

irfMjnpvn.i.j)  ,NE.  2)  on  to  «st 

YSTBESaO.O 

SEI-JaSEIJ  

MSEI^JafNI-jAMlMJMASf IJa8EIMJ)*0,» 

UI“J«-UIJ 
CI“JaCIJ 
Vl-JiO.O 
«1T  CONTINUE 

BETUbm  

END 
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Listing  40.  SUBROUTINE  LTIND 


SUBHOIITI^E  UMw[HSE,ll,V,M*<*l(,MM**,MoBO,MIN:On,RwOU 

♦ , TIDES, NU-TID, MOL*) 

oiBE^JSinn  sf  tN^A*.*'****!  ,Knno(“lMOOj  ,bndu(mindo)  ,u(nma»,mm*k) 

♦ ,V(^►•AX,“'*AX)  , TIOES(NU“Tinj  ,MDLA(MI^On) 

COB“OM  /BNDxy/  ULA^",  VI  IIOEbA 


c 

RESET  SOUTH  . SO'ITH  OPES  BOijsnAHJES 

c 

NIJH  ■ 0 

»0  COSTIMJE 


S1)M  • SIJM  * 1 

lEfsuM  ,eo.  Hisoo)  r.n  to  99 

II  ■ MnRO(siiM) 

_ islet  ■ Il/lOOOOOOO 

n • II  - isuET«ioonooon 
J ■ 11/100000 
II  » II*  j*ieooort 
lEIBST  ■ II/IOOO 
11  ■ II  • IE1BST*1000 
hast  ( ti/io 

JBSO  I I I.u  4ST»1  0 

KOEE  ■ 1 . 2«JBnD 

COEE  ■ eOEE 

JP  ■ J * xn£E 

lEflSLET  ,LT.  n 50  TO  2 

Mp^iriHOLA (SUM)  

DLATlOiTIPlESfBOL  AY) 
E4CT0P«-ULAh»(TI0Em<.DLAT1O) 

Expos«e»p(EacTObi 
ub»bsou(num)*(i ,o*exPOs) 

ET4R10.0 

2 CDstIni'E  _ . 

DO  s I 1 IEISST.ILAST 

Y(I,J)  ■ 0.0 

lEflSLET  ,r,T.  0)  GO  TO  J 
C 

OPES  SEAhABO  ROUSOABy.  SET  SEfl.J) 
C 

sEn.J)  p Rsnu(sijM) 

GO  TO  11 

c 

OPES  LASP«4BD  ROUSOABY,  SET  D(1,J) 
C 

5 COSTIsiiE 

11(1 , J)»mr*C0EE 
a CPSTISUF 

5 COsTnuE 

GO  TO  in 
99  COsTISuE 

B»  TUBS 
Esn 


I.lstin^?  41.  SUBHOVTllfE  VBND 


SU«POUT  Jk)E  VR»JD(SE,il,  V,WM**,MM*»,NnHO,N!NOO#HMOV 
. ♦ . Tints, •jiimtio.kC'l*) 

0I“E^SI^^,  8E(M>'*T,HM*i,),^OHn(Mlnon),BMOVJWT»Jnn),VfNM*)(,MM*iO 
« .Tints  fNiJRT  in  J ,SriL*  fNiNOP) 

COMMON  /auDty/  UL AM, VL*M, T lOt M* 

c 

PfStT  EAST  . nEST  open  RnilNnAoIES 

c _ 

MJM  ■ 0 

10  continue 

N(,|M  a num  * 1 

IFINUM  ,EQ.  NINOO)  SO  TO  99 
JJ  a NOPOtNUH) 

I^^LET  • JJ/IOOOOOBO 
JJ  a JJ  - INL.FT*  1 0000000 
I ■ JJ/100000 
JJ  a JJ  . 1.100000 
JFIPST  ■ JJ/1000 
JJ  a JJ  • JFI9ST.1000 

JL‘8T  a JJ/IO  , . - 

IPNO  a JJ  . JLAST.IO 

KOEF  a 1 .2.IPNO 

COEF  a KOFF 

IP  a I ♦ koef 

IFIUiLET  .LT.  1)  60  TO  2 

N01.AraNnUA(N(,IM)  _ .. 

DLATIOaTIOESINOLAT) 

FACTOBa-UU  AM.  ( TmEMF-OUATln) 

ExP0NatAP(FACT09) 

VPa«N0v(NUM).n ,0-EXPON) 

E TAPao . 0 

i CP^iTINuE 

CO  9 J a JFIpST.JLAST 
11(1, J)  a 0.0 

IFUMLET  .ST.  0)  SO  TO  S 

c 

Ca.aA.  OPFN  SEA-APO  ROUnDAPY,  SET  SF(I,J) 

C 

sen.J)aRNov(NUM) 

GO  TO  U 

c 

Ca.at.  OPEN  (,ANn«*pn  rounpabv,  SET  v(I,J) 

C 

5 _ CONTINUE 

Vd.JiBVP.COFF 
« CONTINUE 

5 continue 

CO  TO  10 
99  continue 
BE  TU»N 
ENO 
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Listing  42.  SUBROUTINE  UELBND 


8U800UTI»<€  UEL*»‘'0(‘•n(^o,MInon,«N^H)^QB^r^u,M,8E,*^MA)l,•<M**,DeL)^) 
n 1x6^8101“  ,SE  fNH*»»xx*X)  »MOBOtxlNOO>.0NOU(HINDO> 

* ,T«N0u(xtN0n) 

C 

MHO  VELCCITy  FOR  COmSTavjT  FLO" 

NUx  ■ 0 

IQ  Nljx  ■ RUM  * 1 

IFfRIJM  ,EQ,  MIROO)  GO  TO  90 
HROU(R'|M)  • n.o 

IF  (QBNOUtRiJMl  .LF.  0.0)  GO  To  10 
II  1 MOBOfRijX) 

inlet  • II/IOOOOOOO  

I !■ I l.INLET*) OOOOOOO 
J ■ II/IOOOOO 
II  • II  • JAIOOOOO 
IFI8ST  ■ II/IOOO 
II  ■ II  - IFIRST.JOOO 

ILFST  ■ II/IO  - _ 

JBND  ■ II  • IL*ST*10 

*BE»«(SE(IFIB8T,J)*HfI»IB8T,J))*0,5»OELX 
_ OP  20  IHFIB8T.  IL*ST 

A»tA«*REi*(S£n.J)*(H(I-l,J)*w(T.J))»0.?)»DEL* 

20  CONTINUE 

BNOU(MIH)  ■ OBNOd (NUM ) /ARE  A 
GO  TO  10 

99  continue 

RE  TURN 
END 


Listing  43.  SUBROUTINE  VELBND 


SUBROUTINE  VELRNOrNpBn,NlNOn,RNoV,(."N0V,H,8€ ,NM*Xf mMA*,OELV) 
dimension  m (nma * , mma X ) , 8E ( nmax, mmAx ) » nORO t NInDO) » SNOVININOO) 
« , OBNOv ( N I nOO) 

c 

c«»*«*  find  velocity  fob  constant  FLON 

Nl'M  ■ 0 

IQ  NUM  ■ NUM  * 1 

IF(NUm  ,E9.  NINDP)  GO  TO  99 
0NOV (NU“ ) ■ 0 , 0 

IF (OBNOv (NUM)  ,lF,  0.0)  GO  To  10 
II  ■ N0BD(NU“) 

inlet  • ii/ifloeoooo  - — 

I Ii 1 1. inlet. 1 OOOflPOO 

I ■ II/IOOOOO 

Ti  ■ II  • i.ioonoo 
JFISST  a II/lOOO 

II  a II  - JFIRST.IOOO 

JL*5T  a II/lO  - - 

IPNO  all.  JL*ST»in 

*BF4a(SE(I,JFIRST).M(I,JFIBST))»0,S.OELT 
__  OP  20  JaJFloST,  JL*ST  _ 

ASEiaA8EA.(SF(I,J).(M(I,J.l).M(I,J)).0.S)»DELT 

20  continue 

bndv(nu“)  a ORNov  (NijM) /area 
GO  TO  10 

99_  CDntjnue  . 

return 
ENO 


